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Chapter 1         
Introduction, Justification and Objetives 
 
 
 
 
1.1 Introduction 
 
Absorption Refrigeration is a technology in a continuous growth because of several reasons. 
The most outstanding one is their activation by thermal energy, which allows to take 
advantage of industrial heat waste and renewable energies. In addition, the social 
commitment to protect the environment and the rising prices of fossil fuels for electricity 
production have turned absorption systems into a very attractive alternative to replace the 
conventional refrigeration system for industrial and domestic applications. For these reasons, 
the absorption technology plays an important role in the reduction of greenhouse effect from 
CO2 emissions and in the increases of energy efficiency by using waste energy from low energy 
level.  
Up to now, most commercial absorption equipment only operates with two working pairs: 
water-lithium bromide (H2O-LiBr) and ammonia-water (NH3-H2O). However, problems related 
with the corrosion and crystallization (for the case of H2O-LiBr), and toxicity and low difference 
relativity volatility (for the case of NH3-H2O), which forces the use of a rectification column, are 
still challenges. In addition, the low thermal stability of the H2O-LiBr when it is used in multi-
stage cycles have avoided that the implementation of this technology in a more efficient and 
generalized form. 
 Ionic liquids (ILs), and particularly room temperature ionic liquids (RTIL), have attracted 
interest over last years as absorbents  in absorption refrigeration systems to overcome some 
of these drawbacks1-3. Although the specific definition of Ionic Liquid is still open, one of the 
most common widely used is the following: “A salt formed usually by an organic cation an 
organic or inorganic ion with a melting point below 100 °C.”. This definition is also, more 
formally known as a RTIL4. This definition reveals an intriguing characteristic, which implies 
that physical-chemical properties of the ILs can be tuned in order to form a suitable 
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combination of cations and anions, according to the specific application. For this reason, ILs 
are recognized as “designer-solvents”. Thus the knowledge of the physical-chemical properties 
and the application requirements is essential to select the suitable ionic liquids. Therofore, this 
information and relevant information such as state of the art of working fluids based on ionic 
liquids with ammonia, and description of the project motivating of the thesis, the ionic liquids 
studied, objectives and thesis structure are discussed below. 
 
1.2 Working Fluids in Absorption Refrigeration 
 
The working fluid in absorption refrigeration system is a solution consists of a refrigerant and 
an absorbent. The refrigerant is a volatile fluid, and the absorbent can be another fluid or a 
solution with a non-volatile inorganic salt. The thermophysical and chemical properties of both 
absorbent and refrigerant, have a strong influence over to the performance and the efficiency 
absorption of refrigeration system. 
A good working fluid should be have some of the following properties are 1, 5-8: 
 It must have a margin of miscibility under conditions in which the absorption takes place. 
 High difference in relative volatility between the refrigerant and the absorbent for easier 
separation. 
 Low freezing temperature of the refrigerant. This must not be a limitation. 
 The refrigerant’s latent heat should be high so that the circulation rate of the refrigerant 
and the absorbent can be minimized. 
 Low viscosity, a high density, high thermal conductivity and a high diffusivity are suitable 
to promotes a favorable heat and mass transfer processes. 
 High affinity between refrigerant and absorbent within the operating conditions of the 
cycle.  This implies a negative deviation from Raoult’s Law. 
 Chemical stability of the working fluid. No decomposition in the pressure and temperature 
operation range must be presented. 
 Non-corrosiveness, environmentally friendly, and low-cost. 
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1.3 Ionic Liquids and Their Challenges as New Absorbents in 
Absorption Refrigeration Systems 
 
The Ionic liquids have interesting physicochemical properties that suggest their adoption as 
absorbents in working fluids applied in absorption refrigeration system. As example are shown 
some common cations and anions used (see figure 1-2), which can be implemented as possible 
suitable ILs for this application, it is possible to observe there are several combination by 
simple combinations between cation and anion 4. The most widely thermophysical properties 
referenced are:  
 Negligible vapor pressure, which made them very attractive to replace water in the NH3- 
H2O. A rectification column is not required9. 
 High thermal stability 10. 
 High chemical stability 11. 
 Low melting points 12. 
 Stability as liquids over a wide range of temperature13. 
 Ability to dissolve gases4 . 
 Negligible flammability 13. 
 Low corrosity 14. 
 
Figure 1-1. Common used cations and anions in ionic liquids. Adapted from reference [12]. 
 
Cations
Pyridinium Imidazolium Ammonium Cholinium
Chloride Bromide
Tetrafluoroborate Bis(trifluoromethylsulfonyl)imide
Anions
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However, some drawbacks, such as lack of reliable thermodynamic data and high viscosity 
have been reported.  
Lack of reliable thermodynamic data. The massive implementation of ILs in diverse applications 
is strongly related to the knowledge of their thermophysical properties. However, nowadays 
the information of these properties have been identified for a limited range of temperatures, 
and the knowledge of the effect of pressure over these properties is still scarce when 
compared with the great number of existing ILs 15.In addition, the information about their 
mixtures with other components is currently more negligible. Moreover, discrepancies in the 
thermophysical property values for the same ILs are observed among different literatures as a 
result of IL purity, sample handling, and different methods or procedures to measure the 
properties 16. 
High viscosity. Viscosity values of ILs are higher for several order magnitude as compared to 
conventional organic solvents 4. This causes that their application in this area affects the 
processes of mass and heat transfer, increasing the pumping power requirements to transport 
them. Although, some possible solution could be the addition of nanoparticles to the ILs, as 
well as the addition of cosolvents (e.g. organic solvents, mixtures of ILs) to reduce the viscosity 
17, 18 these options are still research. Furthermore, the crystallization due to presence of water 
molecules in the IL, which can take place at temperatures close to 0°C, may increase of 
viscosity.19 
1.4  State of the Art of Working Fluids based on Ionic Liquids with 
Ammonia 
 
The characterization of thermophysical properties of the working fluids of IL and its mixture 
with ammonia is the main topic of this PhD thesis. In following section, the most recent state 
of the art related to the properties and methods for their determination will be revised. 
Li and et al. 20 studied the  effect of the alky chain length in the cation of a conventional 
imidazolium based IL Cn-3-methyl- imidazolium tetraﬂuoroborate [Cnmim][BF4] (n=2,4,6,8) 
and its  solubility to the ammonia.20. To achieve this, the solubility was measured at different 
temperatures (T= 293.15 K, 303.15 K, 313.15 K, and 323.15 K). This data was used to calculate 
some thermodynamic properties such as enthalpy, Gibbs free energy and heat capacity. Based 
on this information, they found that the solubility of ammonia is favored with the increase of 
alkyl chain length in the cation and with the decrease of the temperature  
Palomar et.al 21 estimated solubility values of  NH3 into 272 ILs using  Cosmo-RS (Conductor-
like Screening Model for Real Solvents). This method is based on a mechanical quantu 
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approach which is able to predict thermodynamic properties of pure and mixture fluids using 
molecular structure information. The only information required is the molecular surface 
polarity distribution of each component which conform the mixture. This method uses activity 
coefficient () at infinite dilution and excess enthalpy (HE) as parameters to establish an order 
to select the ILs structure that promotes the solute-solvent molecular interactions. Henry's law 
constants are predicted (see figure 1-2) using () and vapor pressure of pure gas. It is well-
known that low value of this parameter express high solubility of solute in the IL. 
Experimental approach based on studies of the absorption and desorption processes (T= 
293.15K and 313.15 K at atmospheric pressure using a TGA) were explored 21. The results 
indicated that 1-2(-hydroxyethyl)-3-methylimadazolium tetraﬂuoroborate [EtOHmim][BF4] 
and Choline bis(triﬂuoromethylsulfonyl)imide  [Choline][NTf2] are potential absorbents for 
ammonia in the studied range, but [Choline][NTf2] is the most suitable one taking into account 
the kinetic and thermodynamic  absorption and desorption processes of ammonia 22.  
 
 
Figure 1-2.  Screening of predicted Henry’s law constants of NH3 in 272 ILs at T = 293.15 K calculated 
by COSMO-RS. Taken from reference 23. 
The vapor liquid equilibrium of ammonia-ILs was first studied the first time by Yokozeki and 
Shiflett24. They used RTILs; 1-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF6], 1-
hexyl-3-methylimidazolium chloride [Hmim][Cl], 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide [Emim][NTf2], and 1-butyl-3-methylimidazolium 
tetrafluoroborate [Bmim][BF4], to measure the vapor pressure at different temperatures (T= 
283 K,298 K,323 K,348 K,355 K) and different compositions (10%-85% mol NH3) using a static 
method. The solubility of ammonia into the ILs was calculated and it was found a negative 
deviation from Raoult’s law, which indicates  a high affinity with ammonia and the ILs24. 
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Similar work was done in a second attempt by Yokozeki and Shiflett 25,  now using other RTILs 
from NH3 : 1-ethyl-3-methylimidazolium acetate [Emim][Ac], 1-ethyl-3-methylimidazolium 
thiocyanate [Emim][SCN], 1-ethyl-3-methylimidazolium ethylsulfate [Emim][EtSO4] and N,N-
dimethylethanolammonium acetate [DMEA][Ac]. The vapor pressure was measured at 
isothermal conditions (T= 283, 298, 323, 348, and 373 K) and different compositions (30% to 
85 % mol of NH3). In both cases, the experimental PTx data was correlated by an equation of 
state model, which was developed by them. In addition, the calculated excess thermodynamic 
properties show negative values and indicate high chemical affinity with ammonia, e.g. the 
excess enthalpies mixtures follow the order [Emim][EtSO4] > [Emim][SCN] > [Emim][Ac] > 
[DMEA][Ac]. They used this information to simulate an ideal absorption cycle, and they found 
that [DMEA][Ac] is the most suitable absorbent, at least in terms of COP, when it was compared 
with ammonia-water. However, in terms of circulation ratio, the mass of the absorbent 
entering to the generator and the absorber are 1.5 to 3 times higher than ammonia-water 25.  
Chen et al. 26  measured the vapor pressure of the binary system of a metal ion–containing ILs, 
1-butyl-3-methylimidazolium Zinc Chloride [Bmim][Zn2Cl5] with ammonia at isothermal 
conditions (T= [323.15-563.15] K; with an interval of 20 K) and at different compositions (83% 
to 94 % mol of NH3). The vapor pressure data was correlated using a modified UNIFAC model. 
The authors concluded that the use of this ILs produced a sharp decrease the pressure vapor 
of the binary system. 26 
Huang et al. 27  measured  the vapor pressure of the ternary mixtures of IL+NH3+H2O at 
temperatures of 313.15 K and the pressures  from (0-0.6) MPa. The ILs used were : 1,3-
dimethylimidazolium tetrafluorobrorate [Dmim][BF4], 1,3-
dimethylimidazoliuchloride[Dmim][Cl] and 1,3-dimethylimidazoliumdimethylphosphate 
[Dmim][DMP]. The mass ratio (rm) of IL/H2O was 0.75. The vapor pressure data was correlated 
using an analytical polynomial equation as a function of temperature and ammonia mole 
composition. The best result was found for the NH3 + H2O + [Dmim][DMP] ternary system. 
Shi and Marginn28 used the information reported by Yokozeki and Shiflett24 to perform Monte 
Carlo simulations to get isotherms of solubility for ammonia in [Emim][NTf2] in the 
temperature range of (298-348) K. The high affinity between the ammonia and the IL was 
attributed to the presence of hydrogen bonding between them. The authors concluded that a 
well-tailored design of the cation can improve the solubility of ammonia in the ILs.  
Sun G. et al.29 used the UNIFAC model to predict the experimental VLE data of ammonia with 
[Emim][Ac], [Bmim][BF4], [Emim][EtSO4] and 1,3-dymethylimidazolium dimethyl phosphate 
[Mmim][DMP]. Experimental data were taken from literature24, 25, 30.The maximum relative 
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deviation between the predicted values and experimental values was 9.35%.The results 
indicated that [Emim][Ac] has the best potential to be investigated  for this application 29. 
Kotenko et al. 31 used the experimental data of Yokozeky and Shiflett 24, 25  for their 
thermodynamic simulations using Aspen Plus Software. This study showed that in specific 
conditions, the ammonia-[Bmim][PF6] working mixture was more efficient than the 
conventional ammonia-water working mixture.  
Recently, Ruiz et al. 14  estimated the thermophysical properties such as  density, viscosity, 
heat capacity and VLE data for some ammonia-ILs  mixtures studied by Yokozeki and Shiflett24, 
25and Palomar et al.21.These properties were evaluated for the first time using a COSMO-based 
process simulation with Aspen Plus/Aspen HYSYS. The values for the coefficient of 
performance (COP) of the cycle when these absorbents were used as working fluids were 
calculated as well. Authors recommended that it is possible to apply this approach to select 
and design ILs.  
This review shows that there is either scarce or no information related to the thermophysical 
properties of the mixtures of the studied systems. Some authors have estimated several 
thermophysical properties simply by assumptions, thus making a result validation a more 
complex task. Therefore, to evaluate the real potential of ILs as new absorbents for ammonia 
in absorption refrigeration systems, a systematic study through the experimental 
determination of the most relevant thermophysical properties is essential, which is the main 
goal of the work developed in this thesis.  
1.5 Motivation 
 
The experimental work and discussion of the present Ph.D. thesis form part of the objectives 
of a research project entitled “Development of New Working Fluids, Components and 
Configurations for High Performance Absorption Heat Pumps-AHP2”. The main goal of this 
project is to develop new working fluids and components for absorption heat pumps and 
refrigeration systems that enlarge the operation range, improve the performance and increase 
the energy efficiency in new configurations. These new working fluids to be developed must 
be mixtures of ILs with natural refrigerants, like ammonia, carbon dioxide or water.  
The project involves specific objectives, which have been developed in different research 
groups according to their expertise and facilities, but they are bounded among them. To reach 
the global objectives, the following aspects are carried out 
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1. Design of ILs taking into consideration the desirable properties of absorbents to be 
used in absorption refrigeration system. 
2. Synthesize and characterize of Ionic liquids. 
3. Measure the most relevant thermophysical properties of ILs. 
4. Measure the most relevant thermophysical properties of ILs and their mixtures with 
ammonia. 
5. Develop models to accurately estimate and predict the thermodynamic and transport 
properties. 
6. Design of components and configurations to be used in absorption refrigeration 
system. 
The achievement of these objectives requires fluid collaboration among the research groups 
involved in the project. The Organic Chemistry research is conducted by the Professor Emilia 
Tojo and research group “Applied Physical-Fa2” led by the Professor Josefa Garcia, both from 
University of Vigo (Spain), and the research group “Applied Thermal Engineering-CREVER” led 
by Professor Alberto Coronas, who is also the supervisor of this Ph.D. thesis.  
Ammonia as natural refrigerant is considered in the development of the present Ph.D. thesis 
and also forms part of the following projects: 
- New Working Fluids based on Natural Refrigerant and Ionic Liquids for Absorption 
Refrigeration – NARILAR (PIRSES-GA-2010-269321) coordinated by Universitat Rovira i 
Virgili “Applied Thermal Engineering-CREVER” research group with the participation of 
University of Lisbon (Portugal), University of Concepcion (Chile), Indian Institute of 
Technology Madras (India), Council of Scientific and Industrial Research (India) and Anna 
University (India) (2011-2015).  
- Solar Absorption Refrigeration Systems operating with Ionic Liquids as Absorbents and 
Ammonia as Refrigerant (PRI-PIBIN-2011-1177) in collaboration with the Indian Institute 
of Technology Madras (India) (2012-2014). 
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1.6   Selection of Ionic Liquids 
 
The ionic liquids considered in the present work are shown in Figures 1-3 and Figure 1-4 shows 
two of the ILs which are not available commercially, but were synthesized by the organic 
chemistry research group of the  University of Vigo32. The selection of the ILs used was based 
on the melting point, thermal stability and viscosity, when considered suitable for ammonia 
absorption. The ILs have the same cation N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl  and two 
different anions bis(trifluoromethylsulfonyl)imide and trifluoromethanesulfonate 
respectively.  The synthesis of the ILs is costly and it long process time when a large amount of 
certain IL is required.  
Thus, ionic liquids were acquired from commercial suppliers. Figure 1-4 shows the four ILs that 
were purchased. (2-hydroxyethyl)-N,N,N-trimethyl bis(trifluoromethylsulfonyl)imide and 1-(2-
hydroxyethyl)-3-methylimidazolium tetrafluoroborate were selected they are referenced as 
suitable for this application (see section 1.4), but their thermophysical properties were not 
well documented. In addition, 1-(2-Hydroxyethyl)-3-methylimidazolium 
Bis(trifluoromethanesulfonyl) imide and N-Trimethyl-N-propylammonium 
Bis(trifluoromethanesulfonyl) imide have similar structure than o some ILs recommended in 
the literature and were selected to analyze the effect of the functional group or the alkyl chain 
length over thermophysical properties. In table 1-1, the names and acronyms of the ILs studied 
in this Ph.D. study are summarized. 
Table 1-1. Name and acronym of selected ILs.  
 
 
 
 
 
Ionic liquid Acronym 
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl trifluoromethanesulfonate  [N112(2OH)][TfO] 
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl bis(trifluoromethylsulfonyl)imide [N112(2OH)][NTf2] 
(2-hydroxyethyl)-N,N,N-trimethyl bis(trifluoromethylsulfonyl)imide [N111(2OH)][NTf2] 
N-Trimethyl-N-propylammonium Bis(trifluoromethanesulfonyl)imide [N1113][NTf2] 
1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate [EtOHmim][BF4] 
1-(2-Hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EtOHmim][NTf2] 
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Figure 1-3. Structures of the selected ionic liquids:  a) N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, 
bis(trifluoromethylsulfonyl) imide and b) N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, 
trifluoromethanesulfonate. 
 
Figure 1-4.  Structures of the selected commercial ionic liquids:  a) (2-hydroxyethyl)-N,N,N-trimethyl 
bis(trifluoromethylsulfonyl)imide, b) 1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate, c) 1-
(2-Hydroxyethyl)-3-methylimidazolium Bis(trifluoromethanesulfonyl) imide and d) N-Trimethyl-N-
propylammonium Bis(trifluoromethanesulfonyl) imide. 
 
Cation Anion 
 
 
 
 
N-ethyl-N-(2-hydroxyethyl)-
N,N-dimethyl [EM2N(CH2)2OH] 
a)  
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1.7 Objectives 
 
The objective of this PhD thesis is the experimental determination and modelling of the 
thermophysical properties of ILs selected and their mixtures with ammonia to evaluate its 
potential as working fluid in absorption refrigeration systems. 
For the ILs, the measured thermophysical properties were density, viscosity, thermal 
conductivity and heat capacity, and for mixtures, they were density, viscosity and the vapor 
pressure.  
To reach this general objective, the following tasks have to be fulfilled: 
1. Characterization of the selected ILs by means of spectroscopic techniques such as Nuclear 
Magnetic Resonance (NMR) and Fourier Transformer Infrared Spectroscopy (FTIR).  
2. Determination of thermal stability by means of thermogravimetric analysis. 
3. Measurement of water content and halide contents are quantified using a Karl Fisher 
Titration Coulometer and a Flame Emission Spectroscopy (EES). 
4. Reduction of water content in ILs required the implementation of a vacuum line. 
5. Measurement of vapor pressure of ILs and their mixtures with ammonia by means of the 
implementation of a new experimental set up, which allow the automatic acquisition of data, 
simplifying the measurement of this thermophysical property. 
6. Design and build of a new cell to prepare and to inject the sample, in order to measure the 
density and viscosity of ILs and their mixtures with ammonia. 
7. Measurement of the heat capacity of ILs and their mixtures with ammonia. To achieve this, 
itis necessary to design and build a new cell with small volume that works over pressure. 
8. Measurement of the density and viscosity of ILs and their mixtures with ammonia. To 
achieve this, it is necessary to implement a pressure system to inject and to keep the sample 
in liquid state during the experiment.  
9. Experimental measurement of density, viscosity, thermal conductivity and heat capacity 
for the ILs, and calculation of their uncertainties. 
10. Experimental measurement of the vapor pressure, density and viscosity for the ILs and 
their mixtures with ammonia, and calculation of their uncertainties. 
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11. Modeling of the thermophysical properties as a function of temperature in the case of ILs, 
and as a function of temperature and composition in the case of ILs and their mixtures with 
ammonia using empiric or semi-empiric equations and thermodynamic models. 
12. Evaluation of the performance of single-effect absorption refrigeration systems using ILs 
and their mixtures with ammonia, by means of simulation.  
1.8 Thesis Structure 
 
This thesis is divided in six chapters. In the first chapter, a short description of the most working 
fluids related to refrigeration by absorption is presented. This chapter also denotes the 
important role of the ILs as new absorbents in absorption refrigeration system as consequence 
of their properties, and a review focused on current studies related to ILs and ammonia. This 
chapter is closed with the justification and objectives. 
Chapter 2 contains a brief description of the techniques used to characterize the selected pure 
lLs, as well as the equipment used to determine their thermophysical properties. In addition, 
a comparison with literature data of different thermophysical properties is done to evaluate 
the feasibility of our values. Finally, a carefull discussion about the results based on the 
chemical structure of ILs is done to elucidate and verify the recommendation done by the 
authors to the potential of the different ionic liquid studied. 
Chapter 3 describes the existing and improving techniques to measure the vapor pressure of 
ammonia and ionic liquid mixtures by differential Pressure Null Transducer. The implemented 
modifications to work with these systems are mainly the design of a new measured cell 
suitable to work with small sample volume and data acquisition. Also, a new method is 
designed and built to measure the vapor pressures of these mixtures using a pressure 
transducer. The results obtained are correlated through empirical models.  Finally, a discussion 
about the criteria and tools to facilitate the screen and to select a potential IL as a new 
absorbent will be discussed. 
Chapter 4 describes the experimental systems of sample injection and cell system to measure 
the thermophysical properties the ILs and its mixtures with ammonia at high pressure. In 
addition, description of the experimental procedure, and data reduction are presented. 
Chapter 5 is devoted to show a general framework through typical assumptions to study 
thermodynamic performance of single effect Absorption refrigeration cycle. The potential of 
mixtures is determined by means of comparison with conventional working pairs.  Finally, the 
discussion about the results based on the impact over the chemical affinity between ILs and 
ammonia and its effect over the thermophysical properties such as the viscosity one of most 
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challenges in order to promote a favorable the mass and heat transfer processes in the 
absorption refrigeration system. 
Finally, Chapter 6 is reserved for conclusions and some recommendations for future work. 
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Chapter 2  
Characterization and Measurement of 
Thermophysical Properties of the Selected 
Ionic Liquids 
 
2.1 Introduction 
 
In this chapter, the ILs considered for the present Ph.D. thesis are introduced. Their chemical 
characterization experiment is exposed and discussed, including the analysis and control of 
their purity, and as well as the study of their thermal stability. The techniques and 
experimental procedures used for the characterization of the physical and chemical properties 
of ILs are described. The strategy followed to correlate the results measured for 
thermophysical properties for selected ILs such as density, viscosity, thermal conductivity and 
heat capacity as a function of temperature are introduced and discussed. To complement this 
information, the obtained values have been compared with the ones reported in the literature. 
Finally, the evaluation of the ILs is also reported.  
2.2 Ionic Liquids Selected 
 
The chemical name, acronym and suppliers of selected ILs are summarized in table 2.1. But, in 
the case of N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl trifluoromethanesulfonate There are two 
samples that corresponds to the same IL; nevertheless they were obtained using different 
sinthetitazion routes presenting different color appearance1. Their molecular representation 
is shown in figure 2.1. To make their representation along the text easier, these ILs will be 
referred by using their acronym only.  
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Table 2-1.  Name and acronym of ILs studied herein. 
 
Figure 2-1. Structures and abbrevations  of the ionic liquids selected:  a) N-ethyl-N-(2-hydroxyethyl)-N,N-
dimethyl, bis(trifluoromethylsulfonyl)imide [N112(2OH)] [NTf2],  b) N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, 
trifluoromethanesulfonate [N112(2OH)] [TfO], c) 1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate 
[EtOHmim] [BF4], d) 1-(2-Hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide  [EtOHmim] 
[NTf2], e) 2-Hydroxy-N,N,N-trimethylethanamonium Bis(trifluoromethanesulfonyl)imide [N111(2OH)] [NTf2]  
and f) N-Trimethyl-N-propylammonium Bis(trifluoromethanesulfonyl)imide [N1113] [NTf2]. 
 
 
 
 
N,N-methyl-N-ethyl-N-(2-hydroxyl) ammonium 
[N112(2-OH)] 
       a)  
 
Bis(trifluoromethylsulfonyl)imide [NTf2] 
       b) 
 
 [TfO-] 
 
Ionic liquid Acronym Supplier 
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl trifluoromethanesulfonate (a) [N112(2OH)][TfO] Organic Chemistry 
Department from 
University of Vigo 
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl trifluoromethanesulfonate  (b) [N112(2OH)][TfO] 
N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl bis(trifluoromethylsulfonyl)imide [N112(2OH)][NTf2] 
(2-hydroxyethyl)-N,N,N-trimethyl bis(trifluoromethylsulfonyl)imide [N111(2OH)][NTf2] Iolitec 
N-Trimethyl-N-propylammonium Bis(trifluoromethanesulfonyl)imide [N1113][NTf2] Solvionic 
1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate [EtOHmim][BF4] Iolitec 
1-(2-Hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EtOHmim][NTf2] Iolitec 
(a) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a clear appearance. 
(b) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a brown appearance. 
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2.3 Chemical Characterization of Ionic Liquids 
 
 1H-NMR (Proton Nuclear Magnetic Resonance), 13C-NMR (Carbon Nuclear Magnetic 
Resonance), and FTIR (Fourier Transformer Infrared Spectroscopy) spectra for each ILs are 
carry out to confirm their structure. 
2.3.1 Nuclear Magnetic Resonance Spectroscopy  
Nuclear magnetic resonance spectroscopy is a technique which takes advantage of the 
magnetic properties of certain atomic nuclei. It determines the physical and chemical 
properties of atoms or molecules in which they are contained. 1H-NMR provides information 
about the different chemical environment of the protons present in the studied molecule, and 
13C-NMR provides information about the carbon chain of the compound. Normally, both 
techniques are used simultaneously to determine the structure of unknown compounds 2. 
The NMR spectra for all ILs are measured using Agilent 400 MHz spectrometer, which has 
AutoX ID PFG 5 mm detector probe. The 1H-NMR spectra for each sample is obtained using the 
average of 8 scans of 45 degrees with pulse delay time of 10 seconds. The 13C-NMR spectra is 
obtained using the average of 100 scans with a 70 degree pulse. The deuterated dimethyl 
sulfoxide (DMSO-D6) is used as solvent and tetramethylsilane (TMS) as  internal standard. The 
analysis was performanced by qualified personnel from the “Servicio de Recursos Cientifícos y 
Técnicos” of  Universitat Rovira I Virgili. As a results example, the 1H-NMR and 13C-NMR spectra 
of the ([N112(2OH)] [TfO] are shown in figure 2.2 and figure 2.3. It is necessary highlighted that 
this analysis is done to the two samples received, and it is not found great differences between 
them. In figure 2.2, δ (ppm) values corresponds to the proton nucleus of molecule. Their 
environment allowes confirming the identity of the sample2, 3. In figure 2.3, δ (ppm) values 
corresponds to the carbon chain of the compound confirm its identity.2, 3. The 1H-NMR and 13C-
NMR spectra for each IL can be found in the appendix A. 
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Figure 2-2.  1H nuclear magnetic resonance spectrum of N-ethyl-N-(2-hydroxyethyl)-N, dimethyl, 
trifluoromethanesulfonate ([N112(2OH)] [TfO]). 
 
 
 
 
 
 
 
 
 
Figure 2-3. 13C nuclear magnetic resonance spectrum of N-ethyl-N-(2-hydroxyethyl)-N, 
dimethyl,trifluoromethanesulfonate ([N112(2OH)] [TfO]). 
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The δ (ppm) values associate with the peak characteristic observed in the NMR spectra for 
each IL are summarized below. By testing this values against expected ones according to the 
structural representation of the molecules shown in figure 2-1, the identity of each selected IL  
can be confirmed. 
1. N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, trifluoromethanesulfonate: 1H NMR (401 
MHz, DMSO-D6): δ 5.22 (t, 1H), 3.81 (m, 2H), 3.40 (q, 2H), 3.34 (t, 2H), 3.03 (s, 6H), 1.24 
(td, 3H).13C NMR (401 MHz, DMSO-D6): δ 122.4 (q, 1C), 64.2 (s, 1C), 59.9 (s, 1C), 55.1 
(s, 2C), 50.3 (s, 1C), 7.9 (s, 1C). 
2. N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl,  bis(trifluoromethylsulfonyl)imide: 1H NMR 
(401 MHz, DMSO-D6): δ 5.27 (t, 1H), 3.82 (m, 2H), 3.38 (t, 2H), 3.34 (m, 2H), 3.03 (s, 
6H), 1.24 (td, 3H).13C NMR (401 MHz, DMSO-D6): δ 121.2 (q, 2H), 64.2 (s, 1C), 59.8 (s, 
1C), 55.0 (s, 2C), 50.3 (s, 1C), 7.9 (s, 1C).  
3. Choline bis(trifluoromethylsulfonyl) imide: 1H NMR (401 MHz, DMSO-D6): δ  5.28 (t, 
1H), 3.83 (m, 2H), 3.39 (m, 2H), 3.10 (s, 9H). 13C NMR (401 MHz, DMSO-D6): δ 121.5 
(q, 2C), 67.7 (s, 1C), 55.6 (s, 1C), 53.6 (s, 3C). 
4. N-Trimethyl-N-propylammoniumBis(trifluoromethanesulfonyl)imide: 1H NMR (401 
MHz, DMSO-D6): δ 5.27 (t, 1H), 3.82 (m, 2H), 3.38 (t, 2H), 3.34 (m, 2H), 3.03 (s, 6H), 
1.24 (td, 3H).13C NMR (401 MHz, DMSO-D6): δ 121.2 (q, 2H), 64.2 (s, 1C), 59.8 (s, 1C), 
55.0 (s, 2C), 50.3 (s, 1C), 7.9 (s, 1C).   
5. 1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate: 1H NMR (401 MHz, DMSO-
D6): δ 9.01 (s, 1H), 7.68 (t, 1H), 7.64 (t, 1H), 4.20 (t, 2H), 3.85 (s, 3H), 3.72 (m, 2H). 13C 
NMR (401 MHz, DMSO-D6): δ 136.8 (s, 1C), 123.4 (s, 1C), 122.7 (s, 1C), 59.4 (s, 1C), 51.7 
(s, 1C), 35.7 (s, 1C). 
6. 1-(2-Hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl) imide: 1H NMR 
(401 MHz, DMSO-D6): δ 9.05 (s, 1H), 7.68 (t, 1H), 7.63 (t, 1H), 5.18 (s, 1H), 4.21 (t, 2H), 
3.86 (s, 3H), 3.74 (m, 2m).13C NMR (401 MHz, DMSO-D6): δ 137.0 (s, 1C), 123.4 (s, 1C), 
122.8 (s, 1C), 121.3 (q, 2C), 59.5 (s, 1C), 51.8 (s, 1C), 35.7 (s, 1C). 
2.3.2 Fourier Transform Infrared Spectroscopy 
Infrared spectroscopy is another technique which is  widely used to characterize the structure 
of the compounds 3. Since, in the spectra region between 600 cm-1 and 4000 cm-1 strong 
absorption bands representatives of the stretching vibration of the principal functional groups 
presented in the molecule, such as C-H, C=O, N-H, -OH, etc., can be detected. 
FTIR spectra of IL are measured using a FTIR 680 Plus Jasco operated between 600   cm-1 and 
4000 cm-1 region. The analysis is carried out at the “Servicio de Recursos Cientifícos y Técnicos” 
of Universitat Rovira I Virgili. As example, figure 2.4 shows FTIR spectra of ([N112(2OH)], which 
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identify the characteristic bands of this IL, and thus confirm its identity. The FTIR spectra for 
each IL can be found in appendix B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4. FTIR spectrum of N-ethyl-N-(2-hydroxyethyl)-N, dimethyl,ntrifluoromethanesulfonate 
([N112(2OH)] [TfO]) in the spectral range between 600 cm-1 to 4000 cm-1. 
The wavenumber (in cm-1) values associated with the maximum absorption bands and 
recorded in the infrared region of each IL are summarized below. By comparing the values 
against with the expected ones according to the structural representation of the molecules 
shown in figure 2.1 the identity of each selected IL can be confirmed. 
1. N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, trifluoromethanesulfonate. The -CH and -
CH3 bending bands presented in the cation structure are observed in 1258 cm-1 and 
1450 cm-1, respectively. The -N bending and OH stretching bands are presented in 1225 
cm-1 and 3400 cm-1. Finally, the OH stretching band are presented in 3110 cm-1 and 
3583 cm-1 confirm the identity of the cation.  In addition, it was found to C-F stretching 
band in 1029 cm-1 and SO2 symmetric stretching in 1155 cm-1 are assigned to the anion 
4. 
2. N-ethyl-N-(2-hydroxyethyl)-N,N-dimethyl, bis(trifluoromethylsulfonyl)imide: The -CH  
and -CH3 bending bands  presented in the cation structure are observed  in 1342 cm-1 
and 1450 cm-1. The -N bending and OH stretching band are presented in 1185 cm-1 and 
confirm the identity of the cation. In addition,  C-F stretching band in 1029 cm-1 and 
SO2 symmetric stretching in 1155 cm-1 are assigned to the anion 4. 
3. Choline bis(trifluoromethylsulfonyl) imide: The -CH and -CH3 bending bands presented 
in the cation structure are observed in 1183 cm-1 and 1425 cm-1 The -N bending and OH 
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stretching band are presented in 1353 cm-1 and 3540 cm-1. In addition,  C-F stretching 
band in 1054 cm-1 and SO2 symmetric stretching in 1141 cm-1 are assigned to the anion. 
4. N-Trimethyl-N-propylammonium Bis(trifluoromethanesulfonyl)imide. 
The–CH stretching and bending, and -CH3 bending bands presented in the cation 
structure are observed in 2903 cm-1  1470 cm-1 and 1216 cm-1, respectively. Also, the -
N bending band is presented in 1344 cm-1 confirmed the identity of cation. On the other 
hand, it is found that C-F stretching band in 1023 cm-1 and SO2 symmetric stretching in 
1128 cm-1 are assigned to the anion. 
5. 1-(2-Hydroxyethyl)-3-methylimidazolium tetrafluoroborate: The Ar-H bending band of 
imidazolium ring is observed in 900 cm-1. The   C=C bonding and C=N stretching bands 
from cation are noted in 1460 cm-1 and 1580 cm-1, respectively. The –CH stretching of 
aliphatic groups of the imidazolium groups is in (2900-3000) cm-1 and  –CH stretching 
of imidazolium ring is observed in 3100-3200 cm-1 5. Finally, the OH stretching band is 
presented in 3583 cm-1 and confirmed the identity of the cation. On the other hand, it 
is found that B-F stretching band in 1063 cm-1 assigned to the anion5.  
6. 1-(2-Hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl) imide: The Ar-H 
bending band is observed in 790 cm-1 and  C=C  bonding is noted in 1563 cm-1  
characterized the imidazolium ring. The –CH stretching of aliphatic groups of the 
imidazolium groups is in (2800-3000) cm-1 and The –CH stretching of imidazolium ring 
is observed in (3100-3200) cm-1 5.  Finally, the OH stretching band are presented in 3583 
cm-1 confirmed the identity of the cation.  On the other hand, it is found that C-F 
stretching band in 1043 cm-1 and SO2 symmetric stretching band in 1130 cm-1 are 
assigned to the anion. 
2.4  Analysis and Control of Purity in Ionic Liquids 
 
The purity of ionic liquids is essential to obtain accurate characterization of their physical and 
chemical properties. It is found that the thermophysical properties of ILs are affected by the 
impurities; for instance, it has been found the presence of halides such as chloride increase 
the viscosity and decreases the  density values 6. In addition, it is reported that a high water 
content in an IL can reduce the density value as compare to a dried IL. Although the organic 
solvents are usually purified by distillation before used, this method is not suitable to purify 
the IL due to their non-volatile property. Therefore, removing halide ions and water or organic 
solvents is an arduous and expensive task. However, those sources of impurities cannot be 
completely removed. 
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2.4.1 Analysis and Control of Water in Ionic liquids 
It is a common practice holding the ionic liquid in a close vessel applying high vacuum in 
combination with heat for a period time to remove or reduce water content and organic 
solvents used during the synthesis of ionic liquids before using them. 
In figure 2-5, a scheme of the vacuum line is presented, which is designed and built to reduce 
the water content of ILs.  Vessels to store the ILs are designed and fabricated by VidraFOC S.A 
based on our specifications. The other system components such as a vacuum distributor with 
five valves, a trap condenser and vacuum pump are available commercially.   
All ionic liquids are stored in the vessel connected to the vacuum line, and heat is applied 
approximately 333.15 K for at least 48 hours. The water content of ionic liquids after this 
process is determined by Karl Fisher coulometer (Mettler Toledo, mod C20). Each 
determination is repeated for three times. This process is repeated until water content reaches 
below 200 ppm, which is considered suitable to characterize their physical and chemical 
properties7. It is necessary to highlight that the ILs remain connected to the vacuum system 
until the measurement of the different thermophysical properties are finished. In table 2-2 are 
summarized the water content of the selected ILs. Since, not exist any rule about which must 
be the water content of ILs as a result mainly of their application and kind of ILs. Therefore, 
the water content of ILs studied are  lower than  similar based ILs8, 9. 
 
Figure 2-5. Scheme of the vacuum line implemented to reduce water content in ILs. 
 
 
 
Vacuum pump
Tramp condenser
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Table 2-2. Water content in the ILs studied. 
Ionic liquid Water content/ ppm 
[N112(2OH)] [TfO](a) 128 
[N112(2OH)] [TfO](b) 120 
[N112(2OH)] [NTf2] 134 
[EtOHmim] [BF4] 145 
[EtOHmim] [NTf2] 34 
 [N111(2OH)] [NTf2] 72 
[N1113] [NTf2] 35 
(a) The IL was supplied by the Organic  Chemistry Department from University of Vigo, presents a clear appearance. 
(b) The IL was supplied by the Organic ChemistryDepartment from University of Vigo, presents a brown appearance 
 
2.4.2 Analysis of halides content 
Halides such as lithium bromide (LiBr) and sodium chloride (NaCl) can remain as impurities in 
ILs when methathesis reactions are used for their synthesis1. Although ion chromatography 
(IC) is the common technique used to determine halides content in the ILs 10, 11, this technique 
is not available in every laboratory. The metal cations,  sodium and lithium content in the ILs 
can be determined by flame emission spectroscopy (FES)(UNICAM 969 AA Spectometer) 12 and  
this technique has been used in the present work to  test the halides content in the studied 
ILs. Detailed information about the standard solution of NaCl and LiNO3 prepared to establish 
the regression model between the emission intensity of the solutions and their metal content 
expressed in ppm (mg/L) can be found in appendix C.  Table 2-3 shows the sodium and lithium 
concentration values expressed in mol/L  that determined in the analysis of  ILs. From these 
data and considering that for each mole of sodium or lithium in the analyzed sample, there 
must be present a mole of chloride or bromide respectively the concentration values of 
chloride and bromide are calculated. The results are summarized in table 2-4 joined to the 
reported from suppliers. 
Table 2-3.  Concentration values of sodium and lithium determined using atomic absorption into ILs 
studied. 
 
Ionic liquid Na+ (mol/L)102 Li+ (mol/L)102 
[N112(2OH)] [TfO](a) --- --- 
[N112(2OH)] [TfO](b) 1641.87 --- 
[    N112(2OH)] [NTf2] 0.10 0.14 
[N111(2OH)] [NTf2] 0.10 8.67 
[N1113] [NTf2] 0.26 --- 
[EtOHmim] [BF4] 0.35 --- 
[EtOHmim] [NTf2] 0.05 0.01 
(a) The IL was supplied by the Organic Chemistry Department from University of Vigo, presents a clear appearance. 
(b) The IL was supplied by the Organic Chemistry Department from University of Vigo, presents a brown appearance. 
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Table 2-4. Concentration values of halide determined using atomic absorption into ILs. 
Ionic liquid Cl-/ ppm Br-/ppm Halides reported/ ppm 
[N112(2OH)] [TfO](a) --- --- Not specified 
[N112(2OH)] [TfO](b) 583602 --- Not specified 
[N112(2OH)] [NTf2] 35 108 Not specified 
[N111(2OH)] [NTf2] 35 6924 <100 
[N1113] [NTf2] 92 --- < 28 
[EtOHmim] [BF4] 123 --- <25000 
[EtOHmim] [NTf2] 18 6 <100 
(a) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a clear appearance. 
(b) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a brown appearance. 
 
2.5 Study of Thermal Stability of Ionic liquids 
 
The high thermal stability of ILs makes them very attractive to be used as new absorbents in 
refrigeration absorption systems, give the opportunity to increase the operation temperature 
level without producing any toxic and/or corrosive products as in the case of conventional 
working fluids (ammonia-water and water-lithium bromide).   
Thermogravimetry (TG) is used to determine the thermal stability. This technique consists in 
putting a determined amount of sample in a controlled cooling or heating environment. Then, 
the weight loss is recorded as a function of temperature or time. Thus, the obtained 
information can be presented as a thermal curve, with ordinate display having as unit the 
weight (or weight percent), and the abscissa of temperature or time. The information reported 
from the TG is  onset temperature (Tonset here is reported as the temperature where the 
sample had lost 5%), and peak temperature (Tpeak is the temperature value corresponding to 
the minimum value of the first mass derivative (DTG))13. 
TG analysis is carried out using a Mettler Toledo Model TGA/SDTA 851 apparatus. TG analysis 
experiments are performed using heating rate of 10 °C min-1 in the range of (30–800) °C with 
nitrogen as inert carrier gas (flow of 100 cm3 ·min-1), and alumina pans. Data are obtained using 
the Mettle Star software. Onset temperature (Tonset) and DTG peak temperatures (Tpeak1, 
Tpeak2, Tpeak3) for each IL studied here are summarized in table 2-5. 
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Table 2-5. Onset temperature (Tonset) and DTG peak temperatures (Tpeak1, Tpeak2, Tpeak3) for all 
studied ILs. Temperatures are given in °C.  
Ionic Liquid T onset Tpeak1 Tpeak2 Tpeak3 
[N112(2OH)] [TfO](a) 356 396 - - 
[N112(2OH)] [TfO](b) 328 312 392 569 
[N112(2OH)] [NTf2] 381 443 - - 
[N111(2OH)] [NTf2] 383 396 - - 
[N1113] [NTf2] 406 441 - - 
[EtOHmim] [BF4] 350 424 - - 
[EtOHmim] [NTf2] 420 470 - - 
(a) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a clear appearance. 
(b) The IL is supplied by the Organic Chemistry Department from University of Vigo, presents a brown appearance. 
 
Higher value of Tonset indicates that IL has better thermal stability.  Based on this information 
the following comments can be pointed out: 
 [EtOHmim] [NTf2] has the best thermal stability. 
 All ILs begin their degradation process at temperatures higher than 300 °C.  
 The effect of anion to this property follow the order in stability [NTf2]>[TfO] on choline 
based ILs. 
 The effect of anion over this property follow the order in stability [NTf2]>[BF4] on 
imidazolium based ILs. 
 The effect of cation over this property for the same anion [NTf2] follow the order 
stability Imidazolium>ammonium>Choline based ILs14. 
 The presence of hydroxyl group in the cation structure for the same anion slightly 
decreases its thermal stability15 [N1113][NTf2]> [N111(2OH)][NTf2]. 
 The increase of the alkyl length chain in the branched in one the substituents in the 
choline based ILs is negligible for the same anion. 
According to the numbers of peak in the DTG, only the (b)[N112(2OH)][TfO] did not present a 
single decomposition mechanism. Instead, its degradation process occurred in three steps 1 as 
it can be seen in table 2-5.  
The first one is denoted as (a)[N112(2OH)][TfO] and the second one as (b)[N112(2OH)][TfO]. It 
is observed that their TG are different (see figure 2-6) and they presented different onset 
temperature with a gap close to 25 °C. On the other hand, the (b)[N112(2OH)][TfO] has a 
decomposition process in three steps against one in the (a)[N112(2OH)][TfO] as is depicted in 
figure 2-7. Nevertheless, the decomposition process (b)[N112(2OH)][TfO] is in agreement with 
the that reported by  M. Lorenzo et. al for this IL. In the same work, it is reported that the 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
 A. Cera-Manjarres, Doctoral Thesis, Universitat Rovira i Virgili, Tarragona (Spain) 2015 
2-12 
 
purification process is still optimized to remove halide salts and sub-products of the metathesis 
reaction. 1 
 
 
Figure 2-6. TG curves as function of temperature for: -(b)[N112(2OH)] [TfO]  and , (a)-TG [N112(2OH)] 
[TfO]. 
 
Figure 2-7. DTG curves as function of temperature for: -(b)[N112(2OH)] [TfO]  and , -(a)TG [N112(2OH)] 
[TfO]. 
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2.6 Techniques and Procedures to Determine Thermophysical 
Properties of Ionic Liquids  
 
In this section, the different techniques used to measure ILs thermophysical properties are 
described.  The most relevant topics are equipment description, operation principle, 
experimental procedure, sample preparation, injection and equipment cleaning. It is necessary 
to highlight that some procedures are similar for different techniques. For instance, as the 
densimeter and viscometer are connected in serial (see figure 2.3), the sample injection are 
carried out for both equipment. In addition, sample preparation is the same for all techniques, 
with changing the sample amount.  
2.6.1 Density 
The device used to measure density is a vibrating tube densimeter. An external chamber of the 
measurement cell contains thermal fluids, allowing keeping the temperature of the cell 
constant during the measurement. 
The experimental set up consists of : 
 A vibrant tube densimeter ANTON PAAR: 
 DMA 512 P measurement cell with an inner volume of 1 cm3, +1x10-4 g /cm-3 accuracy. 
 DMA 60 control unit. 
 Temperature range of 260-460 K. 
 Pressure range from vacuum until 70 MPa. 
 Thermostatic bath Julabo F 20, with resolution of 0.1 K with ethylenglycol as thermal 
fluid. 
 Digital precision thermometer (Anton Paar MKT100) with a resolution of 1 mK in the 
range of 10-1230 K. 
 Thermoresistance Pt100, with an accuracy of + 0.0017 K for a temperature range of 
273.15 K-423.15 K. 
 Analytic Balance Mettler AE260 Delta Range, + 0.1 mg accuracy. 
The vibrating tube densimeter is one of the most widely used techniques used to determine 
density as it is an accurate and easy method. Its measurement principle has been widely 
described by  Esteve 15 and Conesa 16, 17. Regardless, some specific details of this technique will 
be briefly described here. This method is based on the change of oscillation period over an 
oscillator of mass (m) and inner volume (V0), when filled with the liquid with an unknown 
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density (ρ) respect to when the oscillator is empty. The oscillation period is obtained by means 
of following equation: 
𝜏 = 2 ∙ 𝜋√
𝑚 + 𝜌 ∙ 𝑉0
𝐾
 
(2-1) 
 
Where K is the oscillation constant. From this equation, an expression to calculate the density 
can be obtained: 
𝜌 =
𝐾 ∙ 𝜏2
4 ∙ 𝜋2 ∙ 𝑉0
−
𝑚
𝑉0
 
(2-2) 
 
This equation can be rewritten as: 
𝜌 = 𝐴 ∙ (𝜏2 − 𝐵) (2-3) 
 
As K, m, and Vo are values obtained from the equipment, they can be replaced by new 
constants called A and B. The determination of these constants is done by calibration of the 
equipment using two standard fluids, for which the densities at temperature and pressure 
conditions are known. To accomplish this, the oscillation period for fluids is measured at the 
desired temperature and pressure. Then, the values of these constants are calculated by 
means of the following equations, where the subscripts 1 and 2 correspond to the fluids used. 
The values of these constants can be found in appendix D. 
𝐴 =
𝜌1 − 𝜌2
𝜏1
2 − 𝜏2
2 
(2-4) 
𝐵 =
𝜏2
2 ∙ 𝜌1 − 𝜏1
2 ∙ 𝜌2
𝜏1
2 − 𝜏2
2  
(2-5) 
 
As mentioned above, the experimental procedure for the densimeter and viscometer consists 
in three parts: sample preparation, injection into equipment and sample measurement, and 
equipment cleaning.  
As consequence of the capability of ILs to absorb moisture from the environment, first ILs must 
be dried by applying vacuum in combination with heating and stirring for at least 48 h. Once 
the water content determined by the Karl Fisher is below 200 ppm, the sample is considered 
suitable for the thermophysical properties measurement.  
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A sample of the IL is extracted from the vacuum vessel using a syringe, introducing the needle 
through the septum to avoid that the sample absorbs moisture from the environment. 
Previously, vacuum has been applied to the equipment chambers for at least 30 minutes, 
opening the valve C to remove the air into the system to avoid bubble formation. Then, the 
sample is introduced to the equipment using a plastic 10 mL capacity syringe through the 
sample injector D (figure 2-8). Once the connection between the injector and the valve A 
(close) is done, the valve A is opened and the liquid is injected slowly to avoid bubble 
formation. To ensure that the chamber is filled properly, a purge is done by quickly opening 
the valve C, leaving a small amount of the sample. 
Experimental conditions are set using VEE pro 7.51 Agilent Technologies software, which 
allows to select the experimental conditions and to record the values of the thermophysical 
properties over the range of the temperature automatically.  The stabilization criteria for the 
temperature and a detailed description about developed software are described in Salavera 
2007 18. Because of the inability of the equipment to control the temperature, both chambers 
must be connected to the thermal bath (figure 2-5). 
Once the experiment is finished, the equipment is cleaned. To do this, it is necessary to connect 
a cleaning tube to the valve C. Then, air is injected using a syringe through valve A. 
Simultaneously, the valve C is opened outwards, and the sample is recovered into a vessel. 
Afterwards, the outlet of peristaltic pump is connected to the valve A, and the suction tube of 
the peristaltic pump is introduced into a beaker with 20 mL of solvent (it is necessary that the 
ILs are soluble in the solvent) until the solvent has finished. After, hot water is poured in to the 
beaker, and finally a solvent with easy evaporation (such as ethanol or methanol) is circulated. 
The remaining ethanol in the line is removed using a syringe with air. Finally, valve A is close 
and valve C is opened towards vacuum for 30 minutes. 
The equipment calibration at atmospheric pressure is done using vacuum and S-20 (Standard 
fluid ISO 17025, Koehler Instrument, Company, INC) as reference fluid at temperature range 
of 293.15 K to 373.15 K.  To validate the method, the density of Millipore water (18.2 Ω) is 
measured, and the obtained values are compared with that reported in literature for the same 
temperature range. To perform the calibration, it is necessary to use two substances, (in this 
case are used vacuum and ISO 17025 S20 Koehler Instrument Company, INC as reference fluid) 
because this technique is based on an oscillator mechanism to determine the density taking 
into account the period when empty and when containing the sample.  
To accomplish this, reference fluids densities are measured for temperatures between 293.15 
K and 373.15 K at a constant pressure of 1 atm. The maximum deviation obtained of values 
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calculated by means correlation and experimental is 0.14%. All deviations can be found in 
appendix D. 
 
Figure 2-8. Scheme of the automatic system densimeter and viscometer. 
2.6.2 Viscosity 
The equipment used to measure the ILs viscosity is a piston type viscometer p Cambridge 
SPC372, which consists of the following components: 
 Oscillating sinker viscometer SPC372J. 
 VISCOpro 2000 Electronic Processor, accuracy + 1% full scale. 
 Maximum temperature 463.15 K. 
 Maximum Recommended Pressure 68.95 bar. 
 Three pistons: 
- Range 0.25-5 cP. 
- Range 1-20 cP. 
- Range 20-500 cP. 
 Julabo F 20 thermostatic bath, with resolution of 0.1 K and ethylenglycol as thermal fluid. 
The viscometer uses two magnetic coils inside a 316 stainless steel sensor. With the sensor 
V
-2
V
-2
V-2
DMA 512P
DMA 60 VISCO Pro 2000
20,00 ºC
0,86547
23,47 cP
D
A
E
BC
F
G H
I J
K
F: Vacuum pump
G: Measurement cell densimeter
H: Thermoresitance
A-C: Three way valves
D: Sample injector
E: Viscometer
I: Control unit densimeter
J: Viscometer processor
K: Thermal bath
Piston
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connected to the pipe line, the magnetic piston is surrounded by the sample fluid deflected 
inside the measurement chamber. The two coils inside the body sensor are used to 
magnetically force the piston back and forth to a predetermined distance (approx. 0.512 
cm). The time required by the piston to complete two cycles is then related with the 
viscosity of the sample (see figure 2-9). Additionally, the temperature of the fluid is 
monitored using an internal temperature probe. More details regarding the functionality 
of the viscometer have been discussed by Libotean 19. 
 
Figure 2-9. Transversal section of the viscometer SPC372J.  Image Source: Cambridge Viscosity, Inc. 
http://www.paclp.com/Lab_Instruments/cvi_technology. 
 
The equipment calibration is done using standard fluids on the viscometer, which indicate a 
well-known value viscosity. This process is done for all pistons for different viscosity ranges, 
with each piston having high-end and low-end fluid respectively. This information is 
summarized in table 2-6. The process of calibration is automatically since the viscometer 
processor has calibration software, where an algorithm consisting essentiality in getting two 
correction parameters is implemented, one for each extreme of the measurement range. 
Reference fluid viscosities are measured at temperatures between 273.15 K and 373.15 K and 
at a constant pressure of 1 atm. 
Table 2-6. Standard fluids used to calibrate different pistons. 
Piston Range Fluid standard Low-end µ/cP @293.15 K Fluid standard High-end µ/cP @293.15 K 
0.25-5 cP ISO 17025 N4 Koehler 
Instrument, Company, INC 
0.3160+0.07%* ISO 17025 S3 Koehler 
Instrument, Company, INC 
3.697+0.07%* 
1-20 cP Millipore water (18.2 Ω) 1.0016+1.0%# ISO 17025 N10 Paragon 
Scientific Limited 
17.82+0.17%* 
20-500 cP ISO 17025 S20 Koehler 
Instrument, Company, INC 
35.55+0.14%* ISO 17025 S200 Koehler 
Instrument, Company, INC 
552.7+0.14%* 
* Values taken from  certificate of calibration Paragon Scientific Ltd 
# Value taken from reference 20 
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2.6.3 Thermal Conductivity 
The experimental set up to measure the thermal conductivity is composed by the following 
parts: 
 The transient hot-wire method (KD2 pro Thermal Properties Analyzer. Decagon, Devices, 
Inc.) 
 60 mm sensor single-needle (KS-1) 
 Size: 1.3 mm diameter x 60 mm long 
 Range: 0.02 to 2.00 W/(m.K). 
 Accuracy: + 5% from 0.2 to 2.00 W/(m.K) and + 0.01 from 0.02 to 0.2 W/(m.K) 
 Cable of 0.8 m length 
 Thermostatic bath Julabo F20, with resolution of 0.1 K, and ethylenglycol as thermal fluid 
The ILs thermal conductivity is measured using a KD2 Pro Thermal Properties Analyzer. The 
principle of this measurement is based on the transient hot wire method. This method is widely 
used to measure the thermal conductivity of liquids in general, since the sensor being oriented 
vertically prevents free convection during short time reading of this thermophysical property 
21. The calibration method is done using glycerin as standard fluid, which was supplied by the 
manufacturer. The values of thermal conductivity for temperatures  were obtained from the 
manufacturer and a handbook 22.  The calibration was set for the following temperatures: 
295.15 K, 303.15 and 313.15 K, at a constant pressure of 1 atm. The deviations obtained were 
1.0 %, 1.1 % and 2.1 % respectively. 
The experimental procedure consists in three parts: sample preparation, measurement of the 
property and cleaning. 
First, the sample dried is taken using a 20 mL syringe. Then, the IL is poured into a 13 mL 
capacity glass vessel and placed inside a thermostatic jacket glass vessel. Finally, the thermal 
conductivity sensor is inserted through the vessel cap (see figure 2-10).  
The temperature is controlled through a thermal bath using ethyleneglycol as fluid on the 
jacket glass vessel. Then, the temperature value of the sample into the cell is equilibrated. 
Afterwards, the thermal conductivity value is recorded every 15 minutes for 3 hours; this 
process is repeated in the temperature range of 293.15K-313.15 K.  
The sample vessel is removed from the glass vessel jacket and is allowed to reach room 
temperature. Then, the thermal conductivity sensor is removed, as well as the sample. The 
sensor and the sample vessel are rinsed with a solvent (it is necessary that the ILs are soluble 
in it) and finally are dried. 
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Figure 2-10. Scheme of experimental setup to measure the thermal conductivity. 
2.6.4 Heat Capacity 
The equipment used to measure the heat capacity consists of: 
 Micro DSC III based on the Calvet principle (Setaram) 
 Measurement cells are usually designed to work at high pressures, since there are no 
suitable commercial cells for this purpose. These cells are built in stainless steel with an 
inner volume of 2 mL. The initial idea is to measure the heat capacity of ammonia/ILs 
mixtures. However, as a result of technical difficulties with the equipment, this task will be 
done later. 
The rest of the system corresponds to the line pressure, where there is an expansion vessel 
of 1 L connected between the high pressure nitrogen cylinder and the measurement cell, 
in order to avoid pressure fluctuation. In addition, the nitrogen from the cylinder is used 
to introduce the sample into the cell, and thus to guarantee its liquid state during the 
measurement (see figure 2-11).  More details regarding pressure line can be found in 
chapter 4. 
 Thermostatic bath, with resolution of 0.1 K and water as thermal fluid (FRIGOTERM 
6000382) 
The measurement of heat capacity by means of the Micro DSC III is based on the Calvet 
principle according to which, two measurement cells thermally interact when they are inside 
two symmetry hollow spaces in the calorimeter block. As consequence, high thermal inertia 
and programmable temperature can be obtained. Then, both cells and the fluids inside may 
Thermal properties analyzer
Sample cell
Thermal bath
Jacket glass vessel
Thermal conductivity sensor
KD2 pro
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be heated, cooled or kept isothermally according to the experimental requirements.  More 
information about equipment based on the same principle of operation has been discussed 
widely by Salavera 23. 
The experimental procedure consists in three parts: sample preparation, measurement of the 
property and equipment cleaning. 
The sample is prepared similarly to the aforementioned procedure the only difference is the 
amount of sample required. The sample injection is done through the connector attached to 
valve F1. The method to determine the heat capacity is stepwise, consisting in the 
determination of this thermophysical property by means of finite temperature increase. Then, 
the obtained heat flow is used to determine the amount of heat necessary to generate a 
specific thermal leap, that together with the fluid density, are the information required to 
determine the heat capacity. The main characteristic of an experiment using this method is 
the combination of the heating and the thermal stabilization stages, increasing the 
temperature of the fluid until completing the experimental range. The experiment is 
programmed by means of the Calisto Thermal Analysis Software, which allow the data 
acquisition and processing. 
It is well known that heat capacity at constant pressure is obtained from the measurement of 
heat exchange between the system and the calorimetric block during heating process.  
However, this information is related to the integration of the thermal flux respect to time. In 
our case, data acquired from experimentation using Calisto Thermal Analysis software is 
exported to the Calisto data processing system. Once the file with the results is opened, the 
software transforms the electrical signal into thermal flux. This information, in combination 
with temperature and time variables, are used to integrate the thermal flux.  The software 
uses trapezoidal method to solve the integral, getting the thermal flux for each temperature 
increase. With that information, it is possible to calculate the heat capacity of the sample.  
Previously, the area corresponds to the thermal flux (Q0) is determined as an increase of the 
calorimeter temperature when the two cells are empty (measurement and reference). Also, 
the area for a standard fluid is measured (Q1), the known heat capacity, and the area of the 
thermal flux (Q2) for the fluid to be investigated is determined using the software. Based on 
this information, the following correlation is obtained:  
 𝑄1 − 𝑄0 = 𝑉 ∙ ∆𝑇 ∙ 𝑆 ∙ 𝜌1 ∙ 𝐶𝑝1 (2-6) 
 
 𝑄2 − 𝑄0 = 𝑉 ∙ ∆𝑇 ∙ 𝑆 ∙ 𝜌2 ∙ 𝐶𝑝2   (2-7) 
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where S:  calibration coefficient 
           V: volume of the vessel. 
           ρ1, ρ2: density of standard and sample. 
           Cp1, Cp2: heat capacity of standard and sample. 
By combining equation (1) and (2) the following expression is obtained: 
 𝐶𝑝2 = 𝐶𝑝1 ∙ (
𝜌1
𝜌2
) ∙ [
(𝑄2 − 𝑄0)
(𝑄1 − 𝑄0)
]  
(2-8) 
In order to calibrate the equipment, it is necessary to perform two experiments; one is to 
measure the baseline sign and another is to measure the signal of the standard fluid (a fluid 
with a well-known heat capacity). For the first experiment one, both cells must be empty, while 
for the second experiment the sample cell is filled up with a standard fluid and the reference 
cell is kept empty. 
The calibration process is done using water as standard fluid. The values of density and heat 
capacity for the range of temperature and pressure are obtained from Engineering Equation 
Solver (EES).  The calibration is done for temperatures between 273.15 K and 388.15 K, at a 
constant pressure of 1 atm. 
For the validation of the method, n-heptane (# Cat: 122062.1611, Pancreac Química Sau, 
Barcelona, Spain) is used. To accomplish this, the heat capacity is measured at the same 
pressure and temperature. The values obtained with this method are compared with the 
values reported in the literature and the maximum deviation found is 1.4%. The results are 
shown in appendix E.   
Once the experiment is finished, the equipment is cleaned. To do so, it is necessary to connect 
a cleaning tube to the valve G1. Then, air is injected using a syringe through valve F1. 
Simultaneously, the valve G1 is opened outwards, and the sample is recovered into a vessel. 
Afterwards, the output of a peristaltic pump is connected to the valve F1, and the suction tube 
of the peristaltic pump is introduced into a beaker with 20 mL of solvent (it is necessary that 
the ILs are soluble in it) until the process has finished. Hot water is introduced, and finally a 
solvent with easy evaporation (such as ethanol or methanol) is circulated. The remaining 
ethanol in the line is removed using a syringe with air. Finally, valve F1 is towards to the 
nitrogen line for 20 minutes. 
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Figure 2-11. Scheme of the pressure line connected to the high pressure measurement cells in the 
MicroDSC III based on the Calvet principle (Setaram). 
2.7 Thermophysical Properties Correlations as a Function of   
Temperature 
 
Experimental results of each measured thermophysical property of ILs are correlated as a 
function of temperature by means of empirical and semi-empirical equations referenced in the 
literature. 
The strategy to establish the correlation is the following: 
 Coefficients for each equation are determined by means the least squares method. 
 The relative deviation between each experimental value and the estimated value by 
means of the equation. These values are calculated using eq. 2.9. 
 The root-mean-square deviation of the equation is calculated using eq. 2.10. 
 The establish equations are used to estimate the thermophysical properties values of 
the ILs at temperatures, which ones have been reported in the literature. The 
estimated values are compared with experimental data reported in the literature and 
their deviation are calculated using eq. 2.11. 
TK
A1 A2
B
C
D
F1 F2
H
G2G1
c
TK: Nitrogen D: Sample injector
A1, A2: Two way valve                  F1,F2: Injection valve
B: Expansion vessel (Vol: 1L)       G1,G2:  Cell outlet valve
C: Depressurizing valve               H: Measurement cells
Micro-calorimeter
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where 𝑋𝑐𝑜𝑟𝑟, is the value of the thermophysical property obtained using the correlation, 𝑋𝑒𝑥𝑝, 
is the  experimental value of the thermophysical property, and N  is the total number of values 
compared. 
In addition, the uncertainty for each thermophysical property is calculated and details can be 
found in the appendix F. 
 
2.7.1 Density 
The ILs densities are measured usually in the temperature range of 293.15K to 373.15K at 1 
atm. Nevertheless, in some cases, it is necessary to begin the measurement of the properties 
of some ILs above their melting point temperature. This is the specific case of [N111(2OH)] 
[NTf2] and [N1113] [NTf2], which have melting point of 303.15 K and 290.15 K  respectively 24. 
For this reason, the densities of [N111(2OH)] [NTf2] are measured from 313.15 K. The density 
values for the different ILs are presented in table 2-7.  The behavior of the densities values 
corresponds to the temperature for all ILs is studied. As is expected, the densities decrease 
slightly when temperature increases, as a result of the thermal expansion and the 
intermolecular interactions decrease. The latter is related to the interactions between the 
anion and cation, which are mostly Columbic, Van Deer Waals forces and  hydrogen bonding 
25, 26. 
As reported in the literature, the ILs density is strongly related to the molecular mass of anion, 
as ILs with heavy atoms are generally denser. In our case, the values decrease in the order 
[NTf2] >[TfO] for choline based ILs. In the case of imidazolium based ILs decrease in the order 
[NTf2]> [BF4]. Nevertheless, this information must be analyzed with more detail, since we have 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛( %) = 100 ∙ (
𝑋𝑐𝑜𝑟𝑟 − 𝑋𝑒𝑥𝑝
𝑋𝑒𝑥𝑝
)   
(2-9) 
 
r𝑚𝑠𝑑 % = 100 ∙
√∑
(
𝑋𝑐𝑜𝑟𝑟−𝑋𝑒𝑥𝑝
𝑋𝑒𝑥𝑝
)
2
𝑁𝑁
    
 
 
(2-10) 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 % = 100 ∙ (
𝑋𝑒𝑥𝑝 − 𝑋𝑐𝑜𝑟𝑟
𝑋𝑐𝑜𝑟𝑟
) 
 (2-11) 
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been working with imidazolium-based and ammonium-based ILs. For the first case, the effect 
of the anion in the values of the obtained density is clear. On the second case, the Ammonium-
based ILs, there is a contribution of the cation as well of the same anion [NTf2]. There are two 
aspects to be taken into account: the alkyl chain length and presence of hydroxyl group. An 
increase of the alkyl length chain in the ILs causes more bulk and thus generating a steric 
hindrance which reduces the intermolecular interactions between cation and anion, 
facilitating their thermal expansion and decreasing their density 27. The presence of the 
hydroxyl groups increases the density as a result of the formation of hydrogen bonding 
between anion and cation and allows more unit volume compression 28. As a result, the ILs 
density decreases in the order [EtOHmim] >[N111(2OH)]>[N112(2OH)]> [N1113] for the same 
anion [NTf2]. For each of the ILs studied, the density data are correlated as function of 
temperature by the following   equation: 
                                                   (𝑘𝑔 · 𝑚−3) = 𝐴0 +  𝐴1 ∙ 𝑇(𝐾)                                                 (2-12) 
The characteristic parameters A0 and A1, the maximum deviation (max%, eq 2-9) and the root-
mean-square deviation (rmsd, eq 2-10) between calculated (Xc) and experimental (Xe) are 
given in table 2-8. 
 
Table 2-7.  Densities (ρ) of various Ionic liquids in the temperature range from 293.15 K to 373.15 K. 
Ionic liquid [N112(2OH)] 
[TfO](b) 
[N112(2OH)] 
[NTf2] 
[N111(2OH)] 
[NTf2] 
[N1113] 
[NTf2] 
[EtOHmim] 
[BF4] 
[EtOHmim] 
[NTf2] 
T/K ρ/ kg·m-3 
293.15 1402.5 1497.9  1430.8 1368.5 1580.0 
303.15 1395.0 1487.4  1422.2 1360.0 1568.4 
313.15 1387.7 1477.2 1509.8 1412.8 1351.8 1557.5 
323.15 1380.4 1467.7 1499.8 1404.1 1343.9 1547.0 
333.15 1373.3 1458.5 1489.9 1395.3 1336.4 1536.7 
343.15 1365.9 1449.6 1480.3 1386.8 1329.2 1526.8 
353.15 1358.8 1440.9 1471.0 1378.2 1322.3 1517.5 
363.15 1351.7 1432.1 1462.1 1369.6 1315.6 1508.3 
373.15 1345.5 1425.4 1453.5 1361.2 1309.3 1499.6 
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Figure 2-12. Experimental densities of ILs as a function of temperature:(▲), [EtOHmim] [NTf2]; (♦), 
[N111(2OH)][NTf2]; (●),[N111(2OH)][NTf2];(+), [N1113][NTf2]; (x), [N112(2OH)][TfO](b), (■),[EtOHmim] 
[BF4]. The lines correspond to the data fitted by eq. (2-12). 
Table 2-8. Correlation parameters A0 and A1 obtained by Eq. (2-12), maximum deviation (δmax%), and 
root-mean-square deviation (rmsd%) for density of ILs as a function of temperature. 
Ionic Liquid Ao A1 δmax % rmsd % 
[N112(2OH)] [TfO](b) 1612.87 -0.72 0.30 0.02 
[N112(2OH)] [NTf2] 1775.50 -0.95 0.13 0.07 
 [N111(2OH)] [NTf2] 1803.45 -0.94 0.06 0.03 
[N1113] [NTf2] 1686.02 -0.87 0.03 0.02 
[EtOHmim] [BF4] 1583.96 -0.74 0.11 0.07 
[EtOHmim] [NTf2] 1872.49 -1.00 0.12 0.07 
Comparison with the literature data. As stated above, the observed trends in density behavior 
are generally consistent with the information available in the literature. Even though, it is 
necessary to highlight that the information for the ILs studied is scarce. The relative deviations 
of the densities reported in the literature from our experimental values (eq. 2-12) are 
presented in figure 2-13 until figure2-18.  In spite of all the authors affirming to have the dried 
samples before the experiments, the water content of the samples is not specified. 
Nonetheless, it is well known that one of most important source related to the difference 
among the experimental data for the same IL is usually attributed to the sample water content. 
The other source of impurities, which is rarely reported, is the halide amount in IL, which is 
commonly assumed from the values on the specifications from commercial suppliers. 
However, it is determined that the amount of this parameter in some cases is out of range. 
Regarding [N112(2OH)][TfO], there is not  much information in the literature for this IL, thus 
its density is measured by the research group from the University of Vigo, comparing the 
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results with our own29. A higher deviation from our fitted data (1.4 %), as seen figure 2-13, is 
found. Therefore, our density data is lower than the data obtained by our collaborator. One 
possible explanation is the difference in water contents between the samples, given our 
sample had two times higher in water content than the other. A similar behavior is found in 
the density values from the saturated and dried ILs. However, from the design point of view, 
this property is not strongly affected by water content. On the other hand, the presence of 
halides also could decrease the values of this property, because this IL has high concentration 
of halides.   
 
Figure 2-13. Relative deviations of the literature densities for [N112(2OH)] [TfO](b) from our fitted data:  
(♦) García29 (□), this work. 
The density values of  [N112(2OH)] [NTf2] found in the literature are a reasonably well agreed 
with the values obtained in this work. The maximum deviations from the data reported  in 
reference 8 are less than 0.4%. Also, a comparison is done between the values found at the 
University of Vigo29. The maximum deviation from our fitted data is only 1 % (see figure 2-14). 
Nevertheless, our sample had half the water content) than their sample (in others words, it is 
drier than its sample) and it was expected to get higher density values, which is not the case. 
This could be a result of the different halide contents between the samples. The densities of 
[EtOHmim] [BF4] that are in better agreement with our results are those reported in references  
30,31, where the maximum deviations are 0.17%  and 0.34% respectively. The densities values 
reported in the studied   9, 32 are higher than our data, as a result of the water content of the 
samples, which in both cases is equal or lower than 100 ppm.  As mentioned above, our IL is 
dried until 145 ppm, and the presence of water decreases the density with the temperature 
increase. The major difference with our data is found as compared to the values reported in 
reference 33 (4.2 %); however, the water content in this sample is 800 ppm (see figure 2-15). 
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Figure 2-14. Relative deviations of the literature densities for [N112(2OH)] [NTf2] from our fitted data: 
(♦), Costa et al.8.; (▲) García29 (□), this work. 
 
Figure 2-15. Relative deviations of the literature densities for [EtOHmim] [BF4] from our fitted data: (♦), 
Sakhaeinia et al.9;(+),Palomar et al.34;(▲),Shokouhi et al.32; (■),Restolho et al.33;(o), this work. 
The maximum deviations from our fitting with data reported in the literature   for the 
[EtOHmim] [NTf2] 9 are less than 1.4 %. The difference can be as a result of the slightly higher 
water content of our sample. However, the values reasonably well agreed with the values 
obtained in this work (see figure 2-16). 
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Figure 2-16. Relative deviations of the literature densities for [EtOHmim][NTf2]from our fitted data: 
(♦),Sakhaeinia et al.9; (□), this work. 
In  case of [N111(2OH)] [NTf2], both densities data reported  in the literature  8 30, which have 
water content of <300 ppm and  60 ppm respectively, are reasonably agreed with our results: 
they are 0.2% and 0.33 % maximum deviation for densities (see figure 2.17). 
 
Figure 2-17. Relative deviations of the literature densities for [N111(2OH)] [NTf2]from our fitted data: 
(●), Palomar et al.30; (-), Costa et al.8; (□), this work. 
The maximum deviations from our fits with values  data reported   for the [N1113] [NTf2] 35 is 
0.18 %. However, the values are reasonably well agreed with the values obtained in this work. 
As shown in figure 2-18. 
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Figure 2-18. Relative deviations of the literature densities for [N1113] [NTf2] from our fitted data: 
(♦),Katsuta et al.35; (□), this work. 
2.7.2 Viscosity 
The ILs viscosity is measured from 293.15K to 373.15K in intervals of 10 K, varying the initial 
temperature based on each melting point. The obtained viscosities values are shown in table 
2-9.  
In some cases, the viscosity behavior according to the cation and anion structure, is very 
different in many aspects as compared to the density behavior (figure 2.19). It is well known 
that the viscosity does not depend on the molecular weight of the cation, but rather on the 
molecular structure 36. Regarding to this aspect, it is possible to observe that the inclusion of 
the hydroxyl group increases the viscosity as a result of interaction promotion between anion-
cation through hydrogen bonding, which is more significant than non-hydroxyl ILs. Also, an 
increase of alkyl chain length decreases the viscosity by reducing association interactions such 
as electrostatic forces and hydrogen bonding.  In case of anion effect, a direct relationship 
between the viscosity and increase of their molecular weight has been reported. Moreover, 
the viscosity is affected by the molecular shape as the intermolecular friction produced by rod 
shapes anions is considered smaller than spherical anions 36.  Then, the interpretation of the 
viscosity results obtained for the studied ILs allows seeing the [NTf2] anion presents lower the 
viscosity as compared to other anions. On the other hand, two aspects of the influence of the 
cations have to be taken into account: 1) the presence of the hydroxyl group and 2) the alkyl 
chain length, as mentioned above. The first case of non-hydroxyl, IL [N1113] [NTf2] presents 
the lowest viscosity values. The second case, it is observed that the addition of the methyl 
group to the [N111(2OH)] [NTf2] promotes a diminution of viscosity.  
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The viscosity data is correlated as a function of temperature by three parameters Vogel 
equation: 
 
The characteristic parameters A0 , A1  and , A2 , maximum deviation (max%, eq 2-9) and  root-
mean-square deviation (rmsd%, eq. 2-10) are given in table 2-10. 
Table 2-9. Viscosities (μ) of various Ionic liquids in the temperature range from 293.15 K to 373.15 K. 
Ionic liquid [N112(2OH)] 
[TfO](b) 
[N112(2OH)] 
[NTf2] 
[N111(2OH)] 
[NTf2] 
[N1113] 
[NTf2] 
[EtOHmim] 
[BF4] 
[EtOHmim] 
[NTf2] 
T/K μ/ mPa.s 
293.15 657.2 138.3  97.6 143.7 123.2 
303.15 374.5 85.8  61.2 84.0 72.9 
313.15 225.9 56.3 62.1 40.8 52.7 47.0 
323.15 146.9 38.7 42.8 28.6 35.3 32.1 
333.15 100.2 27.6 30.3 21.0 24.8 23.1 
343.15 69.9 20.7 22.6 15.9 18.3 17.2 
353.15 49.9 15.0 17.2 12.5 14.2 13.1 
363.15 37.2 12.8 13.6 10.1 11.5 10.7 
373.15 28.3 10.5 11.1 7.9 9.0 8.9 
 
Figure 2-19. Experimental viscosities of ILs as a function of the temperature:(●), [N112 (2OH)][TfO](b); 
(♦),[N111(2OH)][NTf2]; (●), [N112(2OH)][NTf2]; (■), [EtOHmim][BF4]; (▲), [EtOHmim][NTf2];(-), 
[N1113][NTf2]. The lines correspond to the data fitted by eq. 2-13. 
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(2-13) 
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Table 2-10.  Correlation parameters of A0, A1 and A2 obtained by fitting Eq. (8), maximum deviation 
(δmax%), and root-mean-square deviation (rmsd%) for viscosity of ILs as a function of temperature. 
Ionic Liquid Ao A1 A2 δmax % rmsd % 
[N112(2OH)] [TfO](b) -2.78 1446.20 -136.98 0.24 0.14 
[N112(2OH)] [NTf2] -1.92 893.79 -162.69 0.36 0.37 
[N111(2OH)] [NTf2] -1.70 828.93 -171.07 0.31 0.21 
[N1113] [NTf2] -2.09 892.76 -159.23 0.31 0.47 
[EtOHmim] [BF4] -1.54 706.44 -184.65 1.16 0.49 
[EtOHmim] [NTf2] -1.36 661.58 -186.14 0.99 0.44 
 
Comparison with the literature data. The available information in the literature for the ILs 
studied is scarce. To our knowledge, these are the first reported viscosity values for 
[N112(2OH)][TfO] and [EtOHmim][NTf2]. The relative deviations of the densities reported in 
the literature from the fits of our experimental values (eq. 2-13.) are presented in figures 2-20 
to 2-23. As it is remarked, in the case of density  water is one of the utmost impurities that 
affects the thermophysical properties 37. The viscosity is no exception; on the contrary, this 
property is strongly affected by the presence of water, because their molecules reduce the 
electrostatic interactions between ions thus produce its significant reduction.  
The maximum deviations of our fits from respect to Costa et al. 8 data for the for [N112(2OH)] 
[NTf2] is 3.4 %. The difference can be a result of the slightly higher water content of our sample. 
However, the values reasonably well agreed with the values obtained in this work. Our data is 
compared with values of viscosity supplied by  García from University of Vigo29. It is found that 
their values are higher than our data with a maximum deviation of 18.2 %. This result is not 
expected, since our sample is lower in water content. Therefore, as explained before, this may 
be produced by the presence of high halide content in the IL, which increases the viscosity. In 
addition, our result is quite well matched with data reported in the literature (see figure 2-20). 
Comparing the viscosities presented in this thesis with literature data for [N111(2OH)] [NTf2], 
it is found that the values are in good agreement, being the maximum deviations 2.5 %  and 
1.6 % in comparison with data reported  in references 8,30 (see figure 2-21). 
In case of [EtOHmim] [BF4], more differences are found with the data reported here,  being the 
ones in better agreement with our results those presented reference 30,38 with a maximum 
deviations of  3.5% and 6.5% respectively. On the other hand, viscosities values reported in 
references 39,40 are lower than our data, and presenting high deviations. Despite this, the 
quantity of water in the samples is not specified in their papers (see figure 2-22). 
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The maximum deviations from our fitted of data reported  for the [N1113] [NTf2]35  is 2.4 %. 
However, the values are reasonably well with the values obtained in this work (see figure 2-
23). 
 
Figure 2-20. Relative deviations of our fitted data from the literature viscosities for [N112(2OH)] 
[NTf2]:(♦), Costa et al.8; (▲), García29; (□), this work. 
 
Figure 2-21. Relative deviations of our fitted data from the literature viscosities for 
[N111(2OH)][NTf2]:(●), Palomar et al.30;(♦), Costa et al.8; (□), this work. 
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Figure 2-22. Relative deviations of our fitted data from literature viscosities for [EtOHmim][BF4]: 
(♦),Palomar et al.30; (●), Song et al.38; (-),Branco et al.39; (▲), Jain et al.40; (□), this work. 
 
Figure 2-23. Relative deviations of our fitted data from the literature viscosities for [N1113] [NTf2]: (♦), 
Katsuta et al. et al.35; (□), this work. 
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2.7.3 Thermal Conductivity 
The thermal conductivity of ILs is measured from 293.15-313.15 K in intervals of 10 K, taking 
into account that this characteristic cannot be covered all over temperature range. The values 
of thermal conductivities are shown in table 2-11.  
In spite of this property become great importance for heat transfer applications, the 
information about the ILs is scarce 41. To the best of our knowledge, these are the first 
measured values of thermal conductivities for the studied ILs. The behavior of the thermal 
conductivity of the studied ILs here is shown in figure 2-24. 
This information can give us some clues regarding the influence of the structure to this 
property. In the specific case of cation, it is possible to observe that the thermal conductivity 
in the ammonium-based ILs an increase of this property and also in the molecular weight 
following the order [N112(2OH)]>[EtOHmim]>[N111(2OH)]> [N1113]  for the same anion 
[NTf2] 42. Nevertheless, it is expected that the value of thermal conductivity of Imidazolium-
based IL would be higher. 
On the other hand, as reported in the literature, thermal conductivity decreases with the size 
of the anion as smaller anions promote stronger association by intermolecular forces, and 
interaction between anion-cation and its arrangement make the structure more organized, 
becoming similar to a crystal form. Then, the trend of thermal conductivity values in terms of 
anion is [TfO]>[NTf2] for choline base ILs. In the case of imidazolium based ILs the trends in 
terms of anion is [BF4]>[NTf2].  However,  more detailed study in combination with molecular 
simulation is required 43. This is an essential requisite to have better analysis of the results, 
since available information so far are based only on data without any detailed analysis.  
In addition, only values until 313.15K, because at higher temperature the obtained values 
increase with the temperature. The possible explanation is the presence of free convection as 
result of decrease in viscosity, and also the volume of the sample used which is smaller than 
other works (in some cases by almost 4 times 21). The values of thermal conductivity of the ILs 
are only slightly dependent on the temperature 44, 45. The thermal conductivity value of the ILs 
is correlated by means of linear equation as a function of temperature. 
 
The characteristic parameters A0   and A1, maximum deviation (max%, eq. 2-9) and root-mean-
square deviation (rmsd%, eq. 2-10) are given in table 2-12. 
(𝑊 ∙ 𝑚−1 ∙ 𝐾−1) = 𝐴0 +  𝐴1 ∙  𝑇(𝐾) (2-14) 
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Table 2-11. Thermal conductivities () of various Ionic liquids in the temperature range from 293.15 K 
to 313.15 K. 
T/K 293.15 303.15 313.15 
Ionic liquid /w·m-1∙K-1 
[N112(2OH)] [TfO](a) 0.154 0.153 0.153 
[N112(2OH)] [NTf2] 0.135 0.135 0.135 
[N111(2OH)] [NTf2] 0.124 0.123 0.123 
[N1113] [NTf2] 0.124 0.124 0.125 
[EtOHmim] [BF4] 0.189 0.189 0.189 
[EtOHmim] [NTf2] 0.139 0.139 0.139 
 
 
Figure 2-24. Experimental thermal conductivities of the ILs as a function of the temperature: (♦), 
[EtOHmim] [BF4]; (♦), [N112(2OH)] [TfO](a); (♦),[EtOHmim] [NTf2]; (●),[N112(2OH)] [NTf2]; (■) 
[N111(2OH)][NTf2]; (▲),[N1113][NTf2]. The lines correspond to the data fitted by eq. 2-14. 
Table 2-12. Correlation parameters of Ao and A1 obtained by fitting Eq. (2-14), maximum deviation 
(δmax %), and the root-mean-square deviation (rmsd%) for thermal conductivity of ILs as a function 
of temperature. 
Ionic Liquid Ao A1 δmax % rmsd % 
[N112(2OH)] [TfO](a) 0.112 4.18E-05 0.270 0.153 
[N112(2OH)] [NTf2] 0.136 -3.30E-06 0.024 0.020 
 [N111(2OH)] [NTf2] 0.148 -8.18E-05 0.003 0.002 
[N1113] [NTf2] 0.109 5.01E-05 0.269 0.190 
[EtOHmim] [BF4] 0.197 -2.50E-05 0.099 0.074 
[EtOHmim] [NTf2] 0.154 -5.14E-05 0.549 0.349 
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2.7.4 Heat capacity 
The heat capacity of ILs is measured from 273.15-373.15 K in intervals of 5 K. As mentioned 
above, the temperature range for the ILs is varied in some cases based on their melting point. 
The values of heat capacities are shown in table 2.13. The observed behavior of the heat 
capacity is shown in figure 2-25. 
The knowledge of this property is essential to evaluate the heat transfers in several process 
units such as heat exchangers, distillation columns, absorbers, etc. 46, 47. Furthermore, this 
property allows obtaining the other thermodynamic properties through Maxwell correlations 
as function of temperature 48. However, information about this property for ILs is limited. To 
the best of our knowledge, these are the first measurement of heat capacities of studied ILs. 
Unfortunately, it was not possible to measurement this thermophysical property for all ILs 
because of problems with the equipment. 
Nevertheless, the obtained information is discussed in detailed in order to get some insight to 
allow us explain the results in terms of their IL chemical structure. As expected, ILs with higher 
molecular weight generally have larger heat capacity as a result of more atoms corresponding 
to more bonds in which to store energy 49. In our case, ammonium based-ILs and Imidazolium-
based IL, follow this rule because the first one have higher molecular weights. It is even 
possible to observe a direct relationship between molecular weight of the anion and heat 
capacity values, which is reported as result of  the higher contribution of vibrational degrees 
of freedom of the two trifluoromethanesulfonyl groups, as compared with  smaller anions such 
as BF4 7.  
Regarding the comparison between the ammonium-based ILs, in spite of the molecular weight 
of the [N111(2OH)][NTf2]>[N1113][NTf2], their heat capacities values are slightly lower with 
the temperature. The unique difference is the presence of the hydroxyl group in their cation 
structures. However, there is not an explanation about this trend with ILs. For each studied ILs, 
the heat capacity data is correlated as function of temperature using polynomial equation 
given by: 
The characteristic parameters A0 , A1 and A2 , maximum deviation (max%, eq. 2-9) and  root-
mean-square deviation (rmsd%, eq. 2-10) are given in table 2-14. 
 
𝐶𝑝(𝐽 ∙  𝑚𝑜𝑙
−1∙𝐾−1) = 𝐴0 +  𝐴1  ∙ 𝑇(𝐾) + 𝐴2 ∙ 𝑇(𝐾)
2  (2-15) 
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Figure 2-25. Experimental heat capacities of  ILs as a function of  temperature: (+), [EtOHmim] [NTf2]; 
(▲), [N1113][NTf2]; (♦) [N111(2OH)][NTf2]; (●) [N112(2OH)][TfO](a); (■), [EtOHmim] [BF4]. The lines 
correspond to the  data fitted by eq. (2-15). 
Table 2-13. Heat capacities (Cp) of various Ionic liquids in the temperature range from 293.15 K to 
373.15 K. 
Ionic liquid [N112(2OH)] 
[TfO](a) 
[N112(2OH)] 
[NTf2] 
[N111(2OH)] 
[NTf2] 
[N1113] 
[NTf2] 
[EtOHmim] 
[BF4] 
[EtOHmim] 
[NTf2] 
T/K Cp/ J·Kmol-1·K-1 
293.3   --   --   --   -- 335.2 540.1 
298.4   --   --   --   -- 336.6 542.4 
303.5   --   --   --   -- 338.3 547.3 
308.6   --   --   -- 531.7 339.7 550.4 
313.7 400.4   --   -- 535.3 341.5 552.8 
318.8 402.5   --   -- 538.8 343.0 556.9 
323.9 405.0   -- 539.7 541.0 345.1 558.8 
329.0 406.9   -- 543.0 543.8 347.0 560.0 
334.2 406.9   -- 547.4 546.8 349.1 560.4 
339.3 412.1   -- 550.7 550.2 350.1 563.1 
344.4 414.5   -- 554.5 554.5 352.7 565.0 
349.5 417.6   -- 557.5 556.2 355.1 566.7 
354.6 419.5   -- 559.5 559.9 357.9 568.7 
359.7 420.6   -- 564.6 563.0     -- 570.7 
364.8 424.5   -- 566.6 566.6 361.9 572.4 
369.9 425.9   -- 571.6 570.1 363.7 572.5 
375.1 429.6   --    --   --   -- 572.4 
380.2 435.4   --    --   --   -- 572.9 
385.3 438.2   --    --   --   -- 575.0 
390.4 440.7   --    --   --   -- 576.6 
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Table 2-14. Correlation parameters Ao, A1 and A2 obtained by fitting Eq. (2-15) and maximum deviation 
(δmax %), and the root-mean-square deviation (rmsd%) for heat capacity of ILs as a function of 
temperature. 
Ionic liquid Ao A1*102 A2*104 δmax % rmsd % 
[N112(2OH)] [TfO](a) 240.93 50.44 0.00 0.63 0.34 
[N112(2OH)] [NTf2] -- -- -- -- -- 
 [N111(2OH)] [NTf2] 321.86 67.34 0.00 0.20 0.11 
[N1113] [NTf2] 343.68 61.93 0.00 0.15 0.09 
[EtOHmim] [BF4] 356.88 -43.26 12.22 0.20 0.09 
[EtOHmim] [NTf2] 108.745 231.19 -28.61 0.33 0.002 
 
2.8 Conclusions 
 The chemical structures identification of the studied ILs are obtained using techniques 
such as NMR and FTIR. 
 Two sources of impurities in ILs, either derived from their synthesis process or acquired 
during handling, have been experimentally determined. The first one is the halide 
content and the second one is the water content. Both of them have been affected the 
behavior of thermophysical properties, allowing a better understanding of the results. 
 The thermal stability of the ILs follows the expected trend with the anion influence 
increases its value, thus NTf2 >TfO for choline based ILs. In the case of imidazolium 
based ILs the trend in terms of anion is NTf2>BF4. In the case of the cation, it is found a 
clear influence of the presence of hydroxyl group in the stability reduction. This may be 
one possible explanation for the different decomposition stages for the 
[N112(2OH)][TfO] based on its impurities content.  
 According to the information obtained for the density for ILs, the following information 
can be commented: 
 [EtOHmim][NTf2] and [EtOHmim][BF4] present the highest and lowest value for this 
property, respectively. 
 The presence of the hydroxyl group in the cation increased the value of this 
property using for the same anion. 
 The densities values of ILs based on the anion followed the order NTf2>TfO for 
choline based ILs. In the case of imidazolium based ILs followed the order in terms 
of anion NTf2>BF4. 
 The behavior of this property respect to the temperature is as the expected.  
 The influence of impurities such as water content and halide content did not affect 
this property. 
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 A low deviation is found between our measurements and the reported data in the 
literature. 
 According to the information for the viscosity of ILs, it is possible to comment as 
follows: 
 [N112(2OH)] [TfO] and [N1113] [NTf2] presented the highest and lowest value for 
this property, respectively.  
 For the same anion, the presence of the hydroxyl group in the cation increase the 
value of this property. 
 The viscosity values of the ILs followed the expected trend with the anion influence 
increases its value, thus TfO>NTf2 for choline based ILs. In the case of imidazolium 
based ILs the trend in terms of anion is BF4>NTf2. 
 This property is highly influenced by the presence of impurities in ILs. In case of high 
water content in ILs, this value is usually lower. However, an IL with high halide 
content generally produces higher viscosity values. Based on this information, it is 
possible to explain high deviations found between our measurements and data 
reported in the literature. 
 The values of thermal conductivity obtained for the ILs studied here allow us to do the 
following comments: 
 [EtOHmim] [BF4] and [N112(2OH)] [NTf2] presented the highest and lowest value 
for this property, respectively.  
 For the same anion, the presence of the hydroxyl group in the cation is negligible 
over the value of this property. 
 Values of thermal conductivity of ILs studied based on the anion follow the order 
TfO> NTf2 for choline based ILs. In the case of imidazolium based ILs the trend in 
terms of anion is BF4>NTf2. 
  The values of heat capacity obtained for the ILs studied here allow us to conclude the 
following: 
 [EtOHmim][NTf2] and [EtOHmim][BF4] presented the highest and lowest values for 
this property, respectively.  
 For the same anion, the presence of the hydroxyl group in the cation is negligible 
over the value of this property. 
 Values of heat capacity of studied ILs based on the anion effect follow the order   
NTf2> TfO for choline based ILs.  
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Chapter 3  
Determination of VLE of Ammonia/IL Mixtures 
 
 
3.1 Introduction 
One of the most important properties of the studied working fluid is their Vapor-Liquid 
Equilibrium(VLE), because it expresses the relationship between pressure temperature and 
composition of the mixture in the cycle, mostly in the absorber and in the generator. In 
addition, others important thermophysical properties used to perform a thermodynamic 
analysis of the absorption refrigeration systems can be calculated from this property. 
Therefore, knowing reliable information about phase equilibria of the IL and natural 
refrigerants is very importance. However, literature reporting the experimental  vapor 
pressure of  ILs with ammonia is still scarce1-3. 
This chapter describes the experimental determination of the VLE of six different binary 
mixtures composed by studied ILs and ammonia at different temperatures and 
compositions. These ILs studied were summarized previously in table 1-1. This chapter 
presents mainly the description of the measurement equipment, sample preparation, vapor 
pressure measurement, phase composition determination and data correlation or modeling.   
The vapor pressure of the mixtures was measured using a static method, which has been 
explained in detail by Esteve4. In addition, a new system to determine the vapor pressures 
of these systems was designed. Also, the vapor pressure of the measured systems was 
modeled by means of one of the most widely used thermodynamic model for these systems, 
and were correlated using semi-empirical equation. The obtained information was used to 
estimate the vapor pressure of the mixtures at specific conditions of temperature and 
composition. Hence, the experimental determination of this thermophysical property was 
an arduous and costly process.  
Results obtained for the systems studied herein were compared using a Gibbs energy 
criterion. Finally, the studied ILs were compared in terms of their Raoult’s Law deviation with 
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conventional working fluids and other ILs used to absorb ammonia. The effect of impurities 
over this property will also be discussed in this chapter. 
 
3.2 Vapor Pressure Measurements of Ammonia/IL Mixtures 
The vapor pressure of the ammonia/ILs mixtures was measured using a static method, using 
two equipment. The first one is a differential null transducer that has been widely used in 
the CREVER group 4-9. Nevertheless, because of this constant use, one part of this equipment 
was damaged, and the process to repair it could take much of the available time, since the 
commercial manufacturer had already retired this equipment. Therefore, it was necessary 
to look at the commercial options available to design a new equipment, taking in to account 
some specific characteristic such as chemical resistance (given that ammonia, one of the 
compounds used commonly in our mixtures, is very corrosive), accuracy and working 
conditions of temperature and pressure. Based on this information, a Kulite Pressure 
Transducer Model ETM-634(X)-312(M) was selected, being also the main component of the 
second equipment employed in the measurement of this thermophysical property, which 
was implemented for the first time in the development of this thesis. Although the starting 
and selection of the most suitable option required time, this equipment allowed simplifying 
the complex procedure of the measurement of the vapor pressure, which is always an 
important objective within a thermophysical measurement laboratory. 
3.2.1 Differential Pressure Null Transducer 
Figure 3.1 shows a scheme of the set up experimental using a Differential Pressure Null 
transducer to measure vapor pressure. It consists of the following components: 
 Sample equilibrium cell (I). 
 Differential Pressure Null Transducer RUSKA, model 2439-702 (B+H). 
 RUSKA Null indicator, model 2416-7111 + 0.07 kPa (G). 
 Pressure regulator RUSKA, model 3891-801 (R). 
 Three Pressure sensors RUSKA, model 6200, with different pressure ranges: 
- 3.5-130 kPa range, + 0.01 kPa (A) precision. 
- 10-1034 kPa range, + 0.05 kPa (A) precision. 
- 35-5000 kPa range, + 0.06 kPa (A) precision. 
 Thermostatic bath Julabo SE, resolution of 0.1 K, Baysilone Fluid M 20, with Bayer as 
thermal fluid (E). 
 Thermostatic bath Julabo F-33, resolution of 0.1 K, with ethylenglycol as thermal fluid (L). 
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 Magnetic stirrer. Thermo Scientific Cimarec i Micro Stirrers IP68 Part. Number 50088162 
(K). 
 Vacuum pump VACUUBRAND, model RZ2 HP 40 B. 
 
 
Figure 3-1. Scheme of the experimental equipment to measure the vapor pressure using Differential 
Pressure Null Transducer. 
The equilibrium cell used is designed at the Thermophysical Properties Laboratory- CREVER, 
and is made from stainless steel with an inner volume of 10.82 cm3, suitable for working at 
high pressures and temperatures (see figure 3-1). The upper part of the cell has two 
connections, one used to connect the cell to the differential pressure transducer and the 
other one is used to incorporate a Pt100 probe inside to measure directly the temperature 
of the sample.  There is a magnetic bar inside the cell there is a magnetic bar to homogenize 
the sample during the measurement.  
 
The data acquisition system is mainly composed by a Pressure Differential Transducer and a 
Null Indicator. A pressure difference between the two chambers in the transducer generates 
diaphragm deformation, and its position is indicated through the Null Indicator, which is an 
electronic detector.  According to this, the degree to which the pressure of the sample is 
matched by that of the pressure measurement system is known.  This is done using the 
different valves to regulate the controlled atmosphere or vacuum pump. When, the value of 
vapor pressure of the sample is above atmospheric pressure nitrogen gas is used to adjust 
A
B C
F
D
E
I
G
L
J
K
H
J: Thermocouple and Magnetic bar
K: Magentic Stirrer
L: Cooling system
D: Pressure regulator
E: Thermostat
F:Nitrogen tank
A: Pressure sensor
B: Differential pressure null transducer
C: Null indicator
G: vacuum system
H: Diaphragm
I: Measurement Cell
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and determine the pressure of the sample. On the other hand, when the value of vapor 
pressure of the sample is below the atmospheric pressure it is necessary to apply vacuum. 
More details about this equipment has been described by Conesa7. 
 
The procedure used for sample preparation, vapor pressure measurement, emptying and 
cleaning of the cell, calibration and validation of differential null transducer and equilibrium 
phase compositions calculation will be described in detail. 
Samples are prepared by introducing first an IL sample determined by mass difference using 
a precision balance (Mettler Toledo, mod AE 260 Delta Range) with 0.0001 g resolution and 
using a syringe. After introducing the IL, the equilibrium cell is joined to the differential 
pressure transducer, and vacuum to the vessel is applied during 24 hours to remove the 
humidity. Then, an ammonia quantity was added to the vessel using an auxiliary cylinder. 
Similarly, the quantity of ammonia is determined also by mass difference of the cylinder 
using the precision balance (Mettler Toledo, mod ME 403) with 0.01 g resolution. Before 
measuring the vapor pressure, it is very important to remove the incondensable gases. To 
do this, several degasification cycles are performed. A degasification cycle involves freezing 
the equilibrium vessel in liquid nitrogen and removing the air and other incondensable gases 
by applying vacuum during 30 minutes. Afterwards, the sample is melted by heating the 
vessel, allowing that dissolved gases pass to the vapor phase. This cycle is repeated for three 
or four times, which are enough to remove all the gases. 
 
Once the sample is ready, the diaphragm transducer and equilibrium cell are thermostatted 
immersed in a double walled thermostatic bath of 15 L capacity filled with thermal oil 
(Baysilone Fluid M 20, Bayer) whose temperature in controlled by a thermal controller 
(Julabo, mod. SE). Also, a cooling supply with ethylenglycol as thermal fluid is connected to 
the oil bath in order to homogenize the system temperature (thermostatic bath Julabo F-33, 
with resolution of 0.1 K). The software for data acquisition is programmed by selecting the 
temperature profile of the experiment. When the thermal equilibrium is reached (around 
one hour), the flexible diaphragm detects the difference both sides  and it is observed in a 
null pressure device.  
 
Afterwards, the vapor pressure of the sample is determined by either the nitrogen line 
pressure or using a vacuum line.  To accomplish this, the nitrogen pressure line or vacuum 
line is manually modified to be in equilibrium with the vapor pressure of the sample. Then, 
the pressure is determined by three pressures gages calibrated for three different pressure 
ranges. These pressure gages were calibrated at the “Laboratorio de Metrología y Calibración 
y Temperatura (Termocal)” of the University of Valladolid (Spain).  In this moment, vapor 
pressure and temperature data are automatically collected within one minute. The value and 
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its deviation are recorded, and temperature is automatically changed to the next step. As 
noticed, this process is semi-automatic, since the manometers, the Pt100 probe, and thermal 
controller are connected to a computer running a data acquisition software (Visual 
Engineering Environment 7.0, Agilent). 
 
After completing the measurement, to empty the equilibrium cell, the first operation 
consists in removing the cell from oil-bath and wait until it reaches room temperature. 
Afterwards, the cell is submerged in liquid nitrogen for five minutes until the sample is frozen 
to avoid leaking of ammonia when it is removed from the equipment. The cell is immediately 
put into the hood with agitation, in order to facilitate the expulsion of ammonia. An indicator 
paper is used to check if the amount of ammonia has reached is negligible. Then, a syringe is 
used to remove the sample from the cell and it is stored into a vessel. The second operation 
is to clean the inside cell by successive washes using a solvent which is compatible with the 
IL, such as organic solvents or water. Afterwards, the cell is washed with distilled water for 
several times and, finally washed with hot water. The cell is then put into the oven at 
temperature 373 K for at least 24 h in order to be sure that it is completely dried without any 
moisture, and ready to be used. 
As mentioned before, the sample pressure is registered by means of three pressures gauges. 
The validation of this technique was done measuring the vapor-liquid equilibrium of the 
ammonia-water binary system at temperatures from (293.15 to 353.15) K. The maximum 
relative deviation obtained between t experimental values and values reported in the 
literature was 2.9%, more details can be found in reference 10. 
3.2.2 Pressure Transducer 
 
Figure 3-2 shows a scheme of the experimental setup performed to measure vapor pressure, 
using a pressure transducer, which consists mainly of the components described above for 
the Differential Pressure Null Transducer. Nevertheless, there are two main differences in 
the measurement and transmission of system pressure. These differences are the following: 
 
 Miniature ID Pressure Transducer Kulite, model ETM-634(X)-312(M). Range 1-80 bar, + 
0.0.1 % precision. This transducer has a metal diaphragm, which is deformed by the 
pressure exerted by the sample. Then, the force is transmitted to a solid-state 
piezoresistive sensing element via thin intervening film of non-compressible silicone oil. 
In order to avoid a mechanical damage on the sensing circuit, a protective screen is used, 
which has a negligible influence on the frequency sensor response 11. 
 Pressure sensor Micra-M Ditel, model 347202. Input signal and range +0-20 mA. This 
system is simpler than the Pressure Differential Transducer and the Null Indicator. It is 
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composed by a pressure transducer and a sensor pressure. First, it detects sample 
pressure as result of deforming of metal diaphragm and the signal is transmitted to a 
piezoresistive element. Then, a pressure sensor acquires this signal, which allows to 
acquiring the data automatically.  
Despite being a static method, there are several parts and procedures which are similar in 
both cases. Similarities will be only listed for each case.  
The following parts are similar in both systems: 
 Sample equilibrium cell. 
 Temperature control system. 
In the experimental part, these processes are equal: 
 Sample preparation. 
 Cell emptying and cleaning. 
 Equilibrium cell inner volume determination. 
As mentioned before, when the sample reaches equilibrium, the vapor pressure and 
temperature data are automatically taken within one minute. The mean value and deviation 
are recorded, and temperature is automatically changed to the next step as the pressure 
sensor, Pt100 probe and thermal controller are connected to a computer and controlled 
using data acquisition software (Visual Engineering Environment 7.0, Agilent). 
The calibration of the transducer was done by using a reference pressure gauge, which has 
been calibrated. The transducer was then connected to the reference pressure gauge and 
was connected was connected to an auxiliary nitrogen pressure line or vacuum line based 
on to the pressure range the system and the signal was acquired in millivolt (mV) or 
miliampere (mA). In addition, the validation was done by measuring the ammonia vapor-
liquid equilibrium o from (293.15 to 373.15) K. The maximum relative deviation obtained 
between the values measured and reported values in the literature (values was taken from 
NIST databased) was 5.4%. All deviations were plotted and they can be seen in appendix G. 
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Figure 3-2.  Schematic of measurement set up for vapor pressure of ammonia/ILs mixtures using a 
Pressure Transducer. 
 
3.3 Equilibrium Phase Composition Determination 
Experimental conditions such ammonia mole fraction range, temperature range and 
transducer used to measure the vapor pressure of the six different binary mixtures are 
summarized in table 3-1. The ammonia mole composition was changed by adding ammonia 
successively until covering the whole composition range. Temperature ranges from 293.15 
to 373.15 K are increased 10 K interval. Experimental data of the vapor pressure obtained 
from the six systems of ammonia + IL selected are shown in appendix H (Table H-1. To Table 
H-3.) The determination of their uncertainties is described in detail in appendix I.  
 
 
 
 
 
Magnetic bar
Thermocouple
Pressure sensor
Temperature controller
Magnetic Stirrer
Pressure Transducer
V
-2 Injection valve
Vacuum pump
Meseaurment Cell
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Table 3-1. Experimental conditions at which vapor pressure of mixture were performed. 
 
 
 
Before determining the equilibrium phase compositions, it is necessary to know the inner 
volume cell and set all the connections Vc with the diaphragm.  To accomplish this, the 
equilibrium cell is connected to the transducer and is fill with nitrogen gas, expanding it 
isothermally at 293.15 K in an auxiliary cylinder (SWAGELOK 2041-SS) with an inner volume 
of 150 cm3. Then, given the known pressures before and after expansion (pi and pf 
respectively), the cell volume can be estimated by assuming ideal gas behavior by means of 
Boyle’s law:  
                                                            𝑉𝑐 𝑝𝑖 = (𝑉𝑐 + 𝑉𝐷)𝑝𝑓                                                            (3-1) 
The final volume is determined after repeating the aforementioned process for eight times. 
The inner volume cell resulted in Vc= 10.82 cm3. 
System(1)/(2) Composition xNH3 Temperature/K Number of Data Transducer 
NH3/[N112(2OH)][TfO](b) 0.303 293.15-373.15 9 Differential 
Pressure 
Null 
Transducer 
0.594 293.15-373.15 9 
0.813 293.15-373.15 9 
0.892 293.15-373.15 9 
0.931 293.15-373.15 9 
NH3/[N112(2OH)] [NTf2]  0.330 293.15-373.15 9 Differential 
Pressure 
Null 
Transducer 
0.579 293.15-373.15 9 
0.718 293.15-373.15 9 
0.847 293.15-373.15 9 
0.964 293.15-373.15 9 
NH3/[N111(2OH)] [NTf2]  0.355 293.15-373.15 9 Differential 
Pressure 
Null 
Transducer 
0.534 293.15-373.15 9 
0.644 293.15-373.15 8 
0.802 293.15-373.15 9 
0.931 293.15-373.15 8 
NH3/[N1113] [NTf2] 0.767 303.15-373.15 9 Differential 
Pressure Null 
Transducer 
0.834 303.15-373.15 8 
0.883 303.15-373.15 9 
NH3/[EtOHmim][BF4]  0.239 303.15-373.15 9 Differential 
Pressure 
Null 
Transducer 
0.623 303.15-373.15 8 
0.794 303.15-373.15 9 
0.875 303.15-373.15 9 
0.951 303.15-373.15 8 
NH3/[EtOHmim][NTf2] 0.219 293.15-373.15  9 Pressure  
Transducer  0.436 293.15-373.15  9 
0.589 293.15-373.15  9 
0.756 293.15-373.15  9 
0.926 293.15-373.15  9 
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The equilibrium phase composition is determined from the total composition, and 
experimental pressure, temperature values, composition of vapor and liquid phases are 
thermodynamically calculated using the Barker method 12, a virial equation of state for the 
vapor phase and a NRTL (Non-random two-liquid) model for the liquid phase (this model will 
be explained in detail in section 3.4.3) 13. The excess molar Gibbs energy (gE) can be 
expressed as function of liquid composition by means of the following equation: 
 
 𝑔𝐸
𝑅𝑇
= 𝑥1𝑥2 (
𝜏21𝐺21
𝑥1 + 𝑥2𝐺21
+
𝜏12𝐺12
𝑥2 + 𝑥1𝐺12
)    
 
 
 (3-2) 
where R is the ideal constant gases, T is the temperature, x1 and x2 are molar fraction of the 
components 1 and 2 in liquid phase, and G12 and G21 are adjustable parameters. 
First, the liquid phase composition (xi) is equal to the total composition (z1) and the molar 
numbers of each component in liquid phase (nli) is equal to added moles (ni0): 
                                                                              𝑥𝑖 = 𝑧1                                                                  (3-3) 
                                                          𝑛𝑖
𝑙 = 𝑛𝑖
0 ;  {𝑖 = 1(𝑁𝐻3, ), 2 (𝐼𝐿)}                                         (3-4) 
The liquid volume (VL) is calculated from the initial mole of each component in liquids phase  
by means next equation: 
 𝑉𝐿 =  ∑ 𝑛𝑖
𝐿 𝑀𝑖
𝑑𝑖
𝑖
   
 
 
 (3-5) 
where Mi and di are molecular weight and liquid density of the component i respectively. As 
the inner volume of the equilibrium cell is known (Vc), the vapor phase volume can be 
calculated as follows: 
                                                                        𝑉𝑉 =  𝑉𝑐 − 𝑉𝐿                                                             (3-6) 
 
On the other hand, by deriving the NRTL equation, the activity coefficients in liquid phase 
can be obtained for each component (ϒi): 
 
𝑙𝑛𝛾𝑖 =  [
𝜕(𝑛𝐿𝐺𝐸)
𝜕𝑛𝑖
𝐿 ]
𝑇,𝑃,𝑛𝑗
𝐿
 
 (3-7) 
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where nL is the total molar number in liquid phase. Afterwards, total pressure is calculated 
(pcalc) as the sum of partial pressures of each component 
 
𝑃𝑐𝑎𝑙𝑐= ∑
𝑥𝑖 𝛾𝑖 𝑝𝑖
𝑠∅𝑖
𝑠
∅𝑖
𝑖
 
 (3-8) 
where pis is the saturation pressure of component i, and ϕi, and ϕiS are the fugacities of the 
ith component in the mixture and of saturation respectively. The vapor pressure is 
represented by truncated virial equation in the second term. The fugacity coefficients from 
eq. 3-9 are obtained from saturation pressure for each component at the temperature T and 
the virial coefficients (Bii) corresponding to: 
 
 ∅𝑖 = 𝑒𝑥𝑝 (
𝐵𝑖𝑖𝑝𝑖
𝑠
𝑅𝑇
) 
   (3-9) 
 
Afterwards, vapor phase composition is calculated, taking into account that presence of IL is 
null (y2=0). This equation is calculated for pure ammonia. 
 
 𝑦𝑖 =  
𝑥𝑖𝛾𝑖𝑝𝑖
𝑆𝜑𝑖
0
𝑝𝑐𝑎𝑙𝑐𝜑𝑖
𝑒𝑥𝑝 (𝜌𝑣 (
𝑝𝑐𝑎𝑙𝑐 − 𝑝𝑖
𝑆
𝑅𝑇1000
))   
 
 
(3-10) 
 
where ρv is the vapor phase density. Since the total moles number in vapor phase nv is 
calculated for each component in vapor phase niv, this number must be subtracted of the 
total molar number of each component. Then, a new value of moles number for each 
component in liquid phase niL, * can be estimated. 
 𝑛𝑣 =
𝑝𝑉𝑣
𝑅𝑇 − 𝐵𝑝
   
 (3-11) 
                                                                 𝑛𝑖
𝑣 = 𝑛𝑣𝑦𝑖                                                                         (3-12) 
                                                           𝑛𝑖
𝐿,∗ = 𝑛𝑖
0 − 𝑛𝑖
𝑣                                                                       (3-13) 
 
From the estimated values for each component above, new compositions for each 
component can be calculated in terms of molar fraction: 
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𝑥𝑖
∗ =
𝑛𝑖
𝐿,∗
∑ 𝑛𝑖
𝐿,∗ 2
𝑖=1
  
(3-14) 
 
To this point, the first condition has been reached: obtaining value for the first component 
x1* with the initial value of x1. If the absolute difference value between both is higher than 
10-5, then the calculation must be performed again using last value as new initial guess for 
the composition in liquid phase obtained from eq. 3-14. 
                                                                    𝑥𝑖 = 𝑥𝑖
∗                                                                          (3-15) 
 
If the difference is lower than that value, it is evaluated with the second condition, once all 
data group isothermal (j=N?) has been completed. If false, the calculation is repeated using 
the same steps, but reading the next group. Once all isotherm values have been processed, 
the third condition is then reached, which represents that the objective function that 
controls the adjust minimizes the relative square deviations between calculated pressure 
and experimental pressure: 
 
𝑂𝐹 = ∑ (
𝑝𝑐𝑎𝑙𝑐 − 𝑝
𝑝
)
𝑗
2
 
 (3-16) 
 
If the value of this objective function is higher than 10-5, then the calculation is repeated 
again from the beginning, by changing the coefficients values. The process is completed 
when the value is lower than 10-5. As a result, final values for the composition of each 
component in liquid phase and activity coefficients are obtained. Experimental data of 
solubility for the six studied systems of ammonia/IL are shown in appendix H (Table H-4. to 
Table H-6.). 
 
3.4 Results 
Experimental data of the vapor pressure obtained from the six systems of ammonia/IL 
studied herein are shown in appendix H (Table H-1 to H-3). The determination of their 
uncertainties is described in detail in appendix I. The experimental data measure to study 
the effect of halide content on the vapor pressure for the system NH3/[N112(2OH)][TfO](a) 
are shown in table 3-5. 
Experimental results show that the vapor pressure of the different binary systems studied 
herein increased with the ammonia mole composition and temperature increased as well. A 
low vapor pressure of the binary mixture is preferred beacuse express a high affinity 
between the refrigerant and the absorbent. Therefore, the following comments can be done: 
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 For choline based ILs with the same cation, there was a higher depletion in the case 
of the IL with TfO anion than in the one with the NTf2 anion.  
 The absence of the hydroxyl group in the cation structure of the ILs derived higher 
vapor pressures.  
  [N1113][NTf2] was the ILs with the highest vapor pressure overall. 
3.4.1  Experimental Data Correlation 
 
For all cases, the experimental data for the vapor pressure of binary systems is correlated as 
a function of temperature and composition, by means of the Antoine type equation or by 
thermodynamic models. 
The required coefficients are obtained using the least squares method, whereas both the 
relative deviation (eq. 3-17) and the root-mean-square deviation (rmsd, eq. 3-18) between 
calculated (pcorr) and experimental data (pexp) are calculated through the following 
equations: 
where N is the total number of values compared. 
The vapor pressure data of the six binary systems was correlated as a function of the mole 
composition in equilibrium phase for ammonia and temperature using the Antoine type 
equation. The coefficients (A, B, C, D) in eq. 3-19 were considered as ammonia mole 
composition dependent parameters. The coefficients obtained by data regression of the 
studied system and RMSD are shown in tables 3-5.  
   𝐿𝑛 𝑝(𝑘𝑃𝑎) = 𝐴 + 
𝐵
𝑇(𝐾)
+ 𝐶 ∙ 𝐿𝑛(𝑇(𝐾)) + 𝐷 ∙ 𝑇(𝐾)  
 
(3-19) 
𝐴 = ∑ 𝑎𝑖𝑥1
𝑖
3
𝑖=0
  
 
 
𝐵 = ∑ 𝑏𝑖𝑥1
𝑖
3
𝑖=0
  
 
  
𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = (
𝑝𝑐𝑜𝑟𝑟 − 𝑝𝑒𝑥𝑝
𝑝𝑒𝑥𝑝
)   
 (3-17) 
𝑟𝑚𝑠𝑑 % = 100√∑
(
𝑝𝑐𝑜𝑟𝑟 − 𝑝𝑒𝑥𝑝
𝑝𝑒𝑥𝑝
)
2
𝑁
𝑁
    
 
(3-18) 
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  𝐶 = ∑ 𝑐𝑖𝑥1
𝑖
3
𝑖=0
   
 
𝐷 = ∑ 𝑑𝑖𝑥1
𝑖
3
𝑖=0
     
 
 
where i= 0…3. 
In all studied systems, it is found that there is an increase pressure expected as the 
temperature increases and as the ammonia solubility decreases. Similar behavior has been 
reported on vapor pressure of binary system of ammonia in other ILs. Figures 3-3, 3-5, 3-7, 
3-9, 3-11 and 3-13 show estimated values vapor pressure of six binary system studied using 
eq. 3-19 as a function of ammonia mole composition at several temperatures. In addition, 
deviation is calculated using eq. 3.17 as a function of ammonia mole concentration and 
temperature are shown. 
For the first system studied (corresponds to NH3/[N112(2OH)][TfO]),  the maximum 
deviation between the experimental and calculated data by means of correlation is 15% (see 
figure 3-4 a) with a RMSD of 4.5% .It can be noted that only 2 out of 45 values present 
deviations higher than 10%. The second studied system, NH3/[N112(2OH)][NTf2], presents a 
maximum deviation of 12 % (see figure 3-6 a) with a RMSD of 4%. In this case, only one value 
presented a deviation higher than 10%. 
The maximum deviation of the third system, NH3/[N111(2OH)][NTf2], was 15 % (as shown in 
figure 3-8 a) with a RMSD of 6.7%. Nevertheless, 5 out of 45 values have a deviation 
overpassing 10%. In the case of the fourth binary system, NH3/[N1113][NTf2], the maximum 
deviation was 5% (see figure 3-10 a) with a RMSD of 2.1 %.  
On the other hand, we identify the system composed by imidazolium based ILs, such as 
NH3/[EtOHmim][BF4] and NH3 /[EtOHmim][NTf2]. The first one had a maximum deviation of 
23% (see figure 3-12 a) with a RMSD of 7.2 %. This deviation can be considered high, however 
only 3 out of 39 values higher than 10 %. The second one presented a maximum deviation 
of 6% (see figure 3-14 a) with a RMSD of 2.5%.  
As summary, it can be seen that vapor pressure of the different systems studied is quite well 
correlated by means of the Antoine type equation as a function of composition and 
temperature. This correlation is very useful to estimate the vapor pressure of different 
systems in region where experimental data is not available. 
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Table 3-2. Parameters for the correlation of Eq. 3-19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
i A (kPa) B (kPaK) C (kPa/lnT) D (kPa/K) % RMSD 
 
NH3/[N112(2OH)] [TfO]  
0 -1.9975∙103 5.4376∙104 3.4592∙102 -5.1661∙10-1 4.5 
1 -7.0647∙104 2.0357∙106 1.2142∙104 -1.7981∙101  
2 1.6238∙105 -4.6923∙106 -2.7888∙104 4.1125∙101  
3 -8.9387∙104 2.5937∙106 1.5337∙104 -2.2490∙101  
 
NH3/[N112(2OH)] [NTf2] 
0 -2.0459∙104 5.7501∙105 3.5333∙103 -5.3668∙100 4.0 
1 9.9765∙104 -2.8264∙106 -1.7210∙104 2.6092∙101  
2 -1.5675∙105 4.4532∙106 2.7033∙104 -4.0939∙101  
3 7.9791∙104 -2.2712∙106 -1.3757∙104 2.0816∙101  
  
 NH3/[N111(2OH)] [NTf2]  
0 1.5038∙104 -4.3461∙105 -2.5842∙103 3.8453∙100 6.9 
1 -6.7601∙104 1.9300∙106 1.1636∙104 -1.7347∙101  
2 8.7854∙104 -2.4912∙106 -1.5132∙104 2.2611∙101  
3 -3.5944∙104 1.0120∙106 6.1962∙103 -9.2857∙100  
 
NH3/[N1113] [NTf2] 
0 7.1438∙10-1 9.9829∙10-1 -3.7609∙10-1 1.5452∙10-3 4.5 
1 7.7492∙10-1 9.9866∙10-1 -8.4952∙10-2 5.2739∙10-2  
2 8.2112∙10-1 9.9893∙10-1 1.3688∙10-1 -3.2591∙10-2  
3 -- -- -- --  
 
NH3/[EtOHmim][BF4] 
0 -4.4450∙104 1.2732∙106 7.6480∙103 -1.1391∙101 7.2 
1 2.3335∙105 -6.7312∙106 -4.0107∙104 5.9542∙101  
2 -3.9103∙105 1.1291∙107 6.7207∙104 -9.9802∙101  
3 2.0391∙105 -5.8888∙106 -3.5048∙104 5.2078∙101  
 
NH3/[EtOHmim][NTf2]  
0 -7.3786∙103 2.2204∙105 1.2554∙103 -1.7375∙100 2.5 
1 4.1919∙104 -1.2581∙106 -7.1472∙103 1.0157∙101  
2 -7.1752∙104 2.1350∙106 1.2264∙104 -1.7699∙101  
3 3.8738∙104 -1.1450∙106 -6.6318∙103 9.6692∙100  
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Figure 3-3. Vapor pressure of NH3/[N112(2OH)][TfO]  as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by eq. 3.19. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-4. Deviation between experimental and estimated  data for NH3/[N112(2OH)][TfO] using 
the Antoine equation as function of (a) ammonia mole fraction, and (b) temperature. 
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Figure 3-5. Vapor pressure of NH3/[N112(2OH)][NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by eq. 3.19. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-6. Deviation between experimental and estimated data for NH3/[N112(2OH)][NTf2]  using 
the Antoine equation as function of (a) ammonia mole fraction, and (b) temperature.  
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Figure 3-7. Vapor pressure of NH3/[N111(2OH)] [NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated values 
by eq. 3.19. Symbols: the experimental data.  
 
  
a) 
 
b) 
 
Figure 3-8. Deviation between experimental and estimated data for NH3/[N111(2OH)] [NTf2] using 
the Antoine equation as function of (a) ammonia mole fraction, and (b) temperature. 
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Figure 3-9. Vapor pressure of NH3/[N1113] [NTf2] as function of ammonia mole fraction at several 
temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated values by 
eq. 3.19. Symbols: the experimental data.  
 
  
a) 
 
b) 
 
Figure 3-10. Deviation between experimental and estimated data for NH3/[N1113] [NTf2]  using the 
Antoine equation as function of (a) ammonia mole fraction, and (b) temperature.  
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Figure 3-11. Vapor pressure of NH3/[EtOHmim][BF4] as function of ammonia mole fraction at several 
temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated values by 
eq. 3.19. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-12. Deviation between experimental and estimated data for NH3/[EtOHmim][BF4]  using 
the Antoine equation as function of (a) ammonia mole fraction, and (b) temperature. 
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Figure 3-13. Vapor pressure of NH3/[EtOHmim][NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by eq. 3.19. Symbols: the experimental data.  
 
  
a) 
 
b) 
 
Figure 3-14. Deviation between experimental and estimated data for NH3/[EtOHmim][NTf2] using 
the Antoine equation as function of (a) ammonia mole fraction, and (b) temperature. 
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3.4.2  Vapor-Liquid Equilibrium Modeling 
 
There is no a rigorous model to describe the activity coefficient of the solvent in system 
involving ILs. Nevertheless, the experimental solubility data (T,p,x) of binary systems with ILs 
has been successfully correlated with conventional activity models for nonelectrolyte 
solutions. Among the most relevant models are Margules, Wilson and NRTL (Non-Random 
Two liquids) with two parameters. The latter model offers some advantages over the others 
models such as better representation of the behavior non-ideal systems than Margules and 
suitability for systems with partial miscibility, which cannot be correlated using a Wilson 
model. 
 
The NRTL model was proposed Renon and Prausnitz to represent the excess Gibbs energy of 
liquid mixtures (eq. 3-21), based on the concept of a global composition used by Wilson 14. 
The model assumes that within a liquid solution, local compositions different from the 
overall mixture composition are presumed to account for the short-range order and 
nonrandom molecular orientations that resulted from differences in molecular size and 
intermolecular forces 15. In this work, the vapor liquid modeling of the systems composed by 
ammonia and ILs is performed using NRTL, since this model has been used widely for this 
purposed 16-20. 
 
 𝑔𝐸
𝑅𝑇
= 𝑥1𝑥2 (
𝜏21𝐺21
𝑥1 + 𝑥2𝐺21
+
𝜏12𝐺12
𝑥2 + 𝑥1𝐺12
) 
(3-20) 
 
where G12 and G21 is an energetic parameter (eq. 3-21) which is characterized by i-j 
interactions and are defined by three NTRL parameters (τ12, τ21, α, eq. 3-22 and 3-23). 
Parameter α is related to the non-random distribution into the mixture. 
 
To accomplish this, the binary interaction parameters τ12 and τ21, are employed as variables, 
using only temperature as the dependent term as shown in eq. 3-21. The value of these 
parameters and the non-random distribution (α) are calculated using the system’s vapor 
pressure, temperature and equilibrium phase composition regression. In addition, the 
activity coefficient from each experimental data is calculated by means of eq. 3-24 and eq. 
3-25 respectively. 
 
                              𝐺12 = 𝑒𝑥𝑝(−𝛼12𝜏12)     ;   𝐺12 = 𝑒𝑥𝑝(−𝛼12𝜏21)                                      (3-21) 
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 𝜏12 =
𝑔12 − 𝑔22
𝑅𝑇
          ;            𝜏21 =
𝑔21 − 𝑔11
𝑅𝑇
  (3-22) 
 
 𝜏12 = 𝑎12 +
𝑏12
𝑇
         ;        𝜏12 = 𝑎21 +
𝑏21
𝑇
 
   (3-23) 
 
𝑙𝑛𝛾1 = 𝑥2
2 [𝜏21 (
𝐺21
𝑥1 + 𝑥2𝐺21
)
2
+
𝜏12𝐺12
(𝑥2 + 𝑥1𝐺12)2
] 
 
   (3-24) 
 
𝑙𝑛𝛾2 = 𝑥1
2 [𝜏12 (
𝐺12
𝑥2 + 𝑥1𝐺12
)
2
+
𝜏21𝐺12
(𝑥1 + 𝑥2𝐺21)2
] 
   (3-25) 
 
The binary interaction and non-random distribution parameters, as well as the RMSD, are 
summarized in table 3-3 for each studied system. For all of the studied systems herein, the 
logarithm of their vapor pressures are plotted (see figures 3-15, 3-17, 3-19, 3-21, 3-23 and 
3-25) as a function of ammonia mole compositions. The behavior of these systems were 
similar to the ones explained on the last previous section, respect to the influence of 
temperature over the solubility. 
 
The capability of the model to estimate the vapor pressure fpr different studied systems was 
validated by means of comparison with experimental data. To accomplish this, the deviations 
are plotted as functions of ammonia mole composition and temperature. Figure 3-16 a) and 
Figure 3.16 b) show the deviations for binary system NH3/[N112(2OH)] [TfO] as function of 
ammonia mole composition and temperature (right plot), respectively. It is possible to 
observe that the maximum deviation is 33% and its RMSD is 11.4 %. However, the large 
deviations are located mostly around the low vapor pressures, where the uncertainty of the 
measurement is higher. 
 
Deviations for the NH3/[N112(2OH)] [NTf2] system are shown in figure 3-18 a). In this system, 
the maximum deviation is 15% with a RMSD of 6%. This deviation can be considered higher 
as compared to the other systems. However, it is necessary to note that only 5 out of 45 
values overpass 10%, and also most of them correspond to low pressure values. Meanwhile, 
the NH3/[N111(2OH)] [NTf2] system presents a maximum deviation of 35% with a RMSD of 
9.7% as seen in figure 3-20 b). Nevertheless, 10 values present deviation higher than 10%. 
The other binary system, involving an ammonium based IL NH3/[N1113] [NTf2], presents a 
maximum deviation of 19% as can been seen in figure 3.22 a) with a RMSD 9.7%.  
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Deviations of the binary system with imidazolium based ILs NH3/[EtOHmim][BF4] and NH3 
/[EtOHmim][NTf2] are shown in figure 3-24 a) and figure 3-26 a) respectively. In the first 
system, the maximum deviation is 33% with a RMSD of 9.7%; but only three of values present 
deviation higher than 10%. In the other system, the maximum deviation is 22% and the RMSD 
is 7.2%. However, it is necessary to note than only 3 out of the 45 deviations values are higher 
than 10%, corresponding to low vapor pressure. 
 
As a summary, it is possible to see that vapor pressure of different systems studied correlates 
quite well by means of NRTL model as a function of composition and temperature. This 
correlation is very useful to estimate the vapor pressure of different systems in the region 
where experimental data is not available. 
 
Table 3-3. Determined parameters of Eq. 3-21 and 3-23 for the NRTL Activity-Coefficient model. 
 
 
 
System(1)/(2) τ12 (J/mol) τ21 (J/mol) α RMDS 
a12 b12 a21 b21  
NH3/[N112(2OH)] [TfO]  9.159 -2004 -3.040 -976.0 0.048 11.4 
NH3/[N112(2OH)] [NTf2]  9.100 -3105 -4.626 675.4 0.304 6.0 
NH3/[N111(2OH)] [NTf2]  5.501 -1525 -0.214 -1239.0 0.183 10.9 
NH3/[N1113] [NTf2] 0.498  320.7 -0.384 -89.04 2.638 9.7 
NH3/[EtOHmim][BF4]  4.543 -1967 0.723 -881.5 0.445 9.7 
NH3/[EtOHmim][NTf2]  5.718 -1210 -3.307 -637.2 0.084 7.2 
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Figure 3-15. Vapor pressure of NH3/[N112(2OH)][TfO] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by NTRL model. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 3-16. Deviation between experimental and estimated data for NH3/[N112(2OH)][TfO]  using 
the NRTL model as function of (a) ammonia mole fraction, and (b) temperature.  
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Figure 3-17. Vapor pressure of NH3/[N112(2OH)][NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by NTRL model. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-18. Deviation between experimental and estimated data for NH3/[N112(2OH)][NTf2]  using 
the NRTL model as function of (a) ammonia mole fraction, and (b) temperature. 
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Figure 3-19. Vapor pressure of NH3/[N111(2OH)][NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by NTRL model. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-20. Deviation between experimental and estimated data for NH3/[N111(2OH)][NTf2]  using 
the NRTL model as function of (a) ammonia mole fraction and (b) temperature. 
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Figure 3-21. Vapor pressure of NH3/[N1113][NTf2] as function of ammonia mole fraction at several 
temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated values by 
NTRL model. Symbols: the experimental data.  
 
  
a) 
 
b) 
 
Figure 3-22. Deviation between experimental and estimated data for NH3/[N1113][NTf2]  using the 
NRTL model as function of (a) ammonia mole fraction, and (b) temperature.  
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Figure 3-23. Vapor pressure of NH3/[EtOHmim][BF4] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by NTRL model. Symbols: the experimental data.   
 
 
a) 
 
b) 
 
Figure 3-24. Deviation between experimental and estimated data for NH3/[EtOHmim][BF4]  using 
the NRTL model as function of (a) ammonia mole fraction, and (b) temperature.  
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Figure 3-25. Vapor pressure of NH3/[EtOHmim][NTf2] as function of ammonia mole fraction at 
several temperatures: (●), 303.15 K; (●), 323.15 K; (●), 343.15 K; (●), 363.15 K. Lines: calculated 
values by NTRL model. Symbols: the experimental data.  
 
  
a) 
 
b) 
 
Figure 3-26. Deviation between experimental and estimated data for NH3/[EtOHmim][NTf2]  using 
the NRTL model as function of (a) ammonia mole fraction, and (b) temperature. 
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3.4.3 Comparison of the Vapor Pressure of the Different 
Absorbent/Ammonia Mixtures 
 
Gas solubility can be used to evaluate the chemical affinity between the solute and the 
solvent. This means that the stronger the intermolecular forces between solute and solvent 
produce the higher solubility. In addition, high affinity promotes depletion in the mixture 
vapor pressure, presenting negative deviation in Raoult’s law 21. Hence, information about 
solubility of the binary system studied here is scarce. Therefore, results obtained are 
compared with conventional working fluids and different ILs absorbent for ammonia at some 
temperatures in terms of their Raoult’s law deviation. 
To accomplish this, the conventional working fluid NH3/H2O is selected as it has as handicap 
the use of a rectification column, which can be solved using an IL as absorbent. On the other 
hand, another working fluid as ammonia (NH3)/Lithium nitrate (LiNO3) can be considered. 
The reasons to choose the latter system are that the absorbent is a  salt (LiNO3), and also 
that it has been proposed as possible solution to avoid the use a rectification column 6. In 
addition, this mixture is a highly viscous, which limits heat at the mass transfer process during 
ammonia absorption 22. 
 
The temperatures selected to compare the deviations of these typical working fluids systems 
with the studied binary systems are 303.15 K and 373.15 K. Deviations from Raoult’s law are 
shown in figure 3-27 a) and b) respectively. As it can be seen, the ILs studied presented higher 
deviation than ammonia-water, but lower deviations than NH3/LiNO3. The results are also 
compared with different ILs studied by Yokozeki and Shiflett for NH3/[Bmim][PF6], 
NH3/[Bmim][BF4], NH3/[Emim][NTf2], NH3/[Emim][Ac], NH3/[Emim][EtSO4], 
NH3/[Emim][SCN], NH3/[Hmim][Cl], NH3/[DMA][Ac]. It is necessary to highlight that the 
range of temperature at which the vapor pressure were measured is usually lower than 353 
K 1, 2. Besides, the effect on cation effect over solubility did not take into account with the ILs 
selected for that studied.  
Therefore, the only possibility was to perform the compariso  of the deviation from Raoult’s 
law   at temperatures of 303.15 K and 333.15 K, with the results being shown in figure 3-28 
a) and b) respectively. It is worth to note that at these temperatures, studied ILs here present 
higher deviation from Raoul’s law than ILs studied by Yokozeki and Shiflett. This information 
is useful from the point of view of the feasibility of this ILs to replace conventional 
absorbents. 
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(a) 
 
 
 
 
(b) 
 
Figure 3-27.  Comparison deviation from Raoult’s law between conventional working fluids NH3/H2O 
(--) and NH3/LiNO3(--) and the studied binary systems: (__), NH3/[N112(2OH)][TfO]; (__), 
NH3/[N112(2OH)][NTf2]; (__), NH3/[N111(2OH)[NTf2]; (__), NH3/[N1113] [NTf2]; (__),  
NH3/[EtOHmim][BF4]; (__), NH3/[EtOHmim][NTf2] at temperatures of: a) 303.15K ; b) 373.15 K.    
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(a) 
 
 
 
 
(b) 
 
Figure 3-28.  Comparison of the deviation from Raoult’s law  of ILs studied by Yokozeki and Shiflett 
pressure for (--), NH3/[Bmim][PF6]; (--), NH3/[Bmim][BF4]; (--), NH3/[Emim][NTf2]; (--), 
NH3/[Emim][Ac]; (--), NH3/[Emim][EtSO4]; (--), NH3/[Emim][SCN]; (--), NH3/[Hmim][Cl]; (--), 
NH3/[DMA][Ac], and the binary systems: (__), NH3/[N112(2OH)][TfO]; (__), NH3/[N112(2OH)][NTf2]; 
(__), NH3/[N111(2OH)[NTf2]; (__), NH3/[N1113] [NTf2]; (__),  NH3/[EtOHmim][BF4]; (__), 
NH3/[EtOHmim][NTf2] at temperatures of: a) 303.15K ; b) 333.15 K.    
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3.4.4 Thermodynamic Criterion for Absorbent Selection 
 
The excess molar Gibbs energy (gE) can be calculated using equation 3-20. From this equation 
it can be seen that, when the attraction forces between molecules of solute and solvent in 
the mixture are greater than cohesive forces between solute-solute or solute-solvent, the GE 
value is less than zero 21. Similarly, to Raoult’s law, this property presents a negative 
deviation, indicating a strong affinity between the solute and the solvent. This property is 
calculated for the ILs studied herein using the NRTL model at different temperatures and the 
result is summarized in table 3-4. Moreover, a right interpretation of this property allows to 
explain the behavior of the system in terms of its compatibility. Based on this information, 
some authors have established some criteria for selecting working pairs in absorption 
systems.  
Results show that depending on the temperature, the IL selected based on this criterion is 
different. The trend at 303.15 K follows the next order (from highest to lowest negative gE): 
[EtOHmim][BF4]> [N111(2OH)][NTf2]> [EtOHmim][NTf2]> [N112(2OH)][TfO]> [N112(2OH)] 
[NTf2]> [N1113][NTf2]. In the case of 333.15 K, the order is: [N111(2OH)][NTf2] > 
[EtOHmim][BF4]>  [EtOHmim][NTf2]> [N112(2OH)][NTf2] [N112(2OH)] [TfO]>[N1113][NTf2]. 
Finally, the order of solubility at 373.15 K is: [EtOHmim][NTf2]>[N111(2OH)] [NTf2] 
>[N112(2OH)] [NTf2]> [EtOHmim][BF4]> [N112(2OH)] [TfO]>[N1113] [NTf2]. 
This information can be useful in combination with Raoult’s law deviation to find the suitable 
IL as new absorbent for ammonia. For instance, it is seen that the anion effect over solubility 
is almost negligible. On the other hand, the cation without hydroxyl in its structure reduced 
the solubility of ammonia. The latter confirms that the presence of an hydroxyl group 
promotes the ammonia solubility as reported in the literature 23. 
Table 3-4.  The gEmax for ammonia and IL binary system at different temperatures. 
System(1)/(2) 
gE/Jmol-1 
303.15 K 333.15 K 373.15K 
NH3/[N112(2OH)] [TfO]  -3055 -2705 -2279 
NH3/[N112(2OH)] [NTf2]  -2906 -2713 -2650 
NH3/[N111(2OH)] [NTf2] -3592 -3184 -2764 
NH3/[N1113] [NTf2] -434 -939 -1502 
NH3/[EtOHmim][BF4] -3933 -3176 -2421 
NH3/[EtOHmim][NTf2] -3219 -3132 -3040 
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3.4.5 Effect of Halide Content on the Vapor Pressure  
As stated in section 2.3.2, the NH3/[N112(2OH)] [TfO] presented a high halide content. To 
the best of our knowledge, the effect of this kind of impurities over this thermophysical 
properties so far has not been analyzed. Thus, to study the effect of halide content over 
vapor pressure of the system, experimentation was performance at 313.15 K and at several 
mole ammonia compositions, for the same [N112(2OH)] [TfO] with two different halide 
content (See section 2.3.2 [N112(2OH)] [TfO](a) and [N112(2OH)] [TfO](b). Solubility 
experimental data for NH3/[N112(2OH)][TfO](b) is shown in table 3-5. Results obtained for 
the two samples were compared in terms of their deviation from the Raoult’s law, as seen 
in figure 3-29 a). According to this, the sample with higher halide content clearly 
overestimates the solubility. In addition, the deviation between the values with low and high 
halide content is calculated by means of the Antoine type equation for the IL. The vapor 
pressure of the system is subestimated almost 40% for two points. 
a) 
 
b) 
 
c) 
 
Figure 3-29.  a) Deviation from Raoult’s law 313.13K of (□), NH3/[N112(2OH)][TfO](a); (●), 
NH3/[N112(2OH)][TfO](b) high halide content. Deviation between experimental and estimated values 
of vapor pressure for with low content of halide respect the expected value using the Antoine 
equation for the NH3/[N112(2OH)][TfO](b) with high halide content as a  function of: b) ammonia mole 
fraction, and c) pressure. 
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Table 3-5. Solubility (pT,x) for NH3/[N112(2OH)][TfO](a) 
X1(mol) P(kPa) 
0.193 27.6 
0.375 148.7 
0.568 430.9 
0.761 980.4 
0.938 1483 
 
3.5 Conclusions 
 
 To the best of our knowledge, new data regarding the solubility of six binary system 
studied herein, mostly from temperature range of 293.15K-373.15K and ammonia 
mole fractions from 0.2 to 0.96 is presented. 
 Vapor-liquid equilibrium data (pressure, temperature and ammonia mole 
composition) has been correlated quite well using an Antoine type equation for the 
studied systems.   
 The NRTL thermodynamic model has been used to correlate the experimental data 
from vapor-liquid equilibrium for the studied system.  The comparison between the 
fitting results and experimental data show that the performance of the model is quite 
acceptable especially for ammonia mole composition higher than 0.2.  
 The solubility of ammonia into the studied ILs has been compared with two 
conventional working fluids, NH3/H2O and NH3/LiNO3, in terms on their Raoult’s law 
deviation. It was found that ILs presented higher negative deviation from Raoult’s law 
than NH3/H2O, but worse than NH3/LiNO3. 
 The solubility of ammonia in to the studied ILs herein was compared with others kind 
of ILs used for this purposed. According to the results, the system studied herein 
presented higher deviation from the Raoult’s law. 
 The thermodynamic criterion based on the Gibbs excess energy is applied to the 
studied ILs. The result obtained shows that [EtOHmim][BF4] is the most suitable 
absorbent for ammonia as it presented the lowest value at common temperature for 
the absorber. However, [EtOHmim][BF4] does not presents the lowest value at the 
temperature commonly used at the generator, which is preferred because it make 
the separation easier. [EtOHmim][BF4] has the second lowest value of Gibbs free 
energy at the generator. Bearing in mind its value at absorber and desorber, this IL 
can be considered as the most suitable absorbent for ammonia refrigerant. 
Nevertheless, it is necessary to evaluate others thermophysical properties in order to 
have a comprehensive overview.  
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 Results show a great influence of the hydroxyl group in the cation structure, because 
as reported before it promotes better ammonia absorption. Therefore, the 
NH3/[N1113] [NTf2] is not recommended as absorbent for ammonia. 
 Also, the effect of halide content to the vapor pressure is studied. It is concluded that 
an IL with a high halide content overestimates the solubility values.  It is necessary to 
highlight that this kind of ions presents in common salts remaining in synthesis of ILs, 
but the most important part is to know exactly what kind and amount of halides that 
present in the IL. 
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Chapter 4  
Determination of Density and Viscosity of 
Ammonia/IL Mixtures  
 
 
4.1 Introduction  
 
The density and viscosity of working fluids are the great relevance to evaluate the 
performance of the absorption refrigeration systems. On one hand, the density analysis is 
necessary for a proper design of the equipment. On the other hand, viscosity is a very 
important transport property, which determines mass and heat transfer coefficients 
needed to design different units in the absorption system. 
Data regarding these properties for conventional working fluids such as NH3-H2O1 and LIBr-
H2O, obtained from experimental measurement or correlations can be found in the 
literature. Nevertheless, the same information for working fluids based on ILs and their 
mixtures with natural refrigerants in gas phase as used in the present thesis the information. 
Only, values of these properties for the binary mixtures of ammonia with N-ethyl-N-(2-
hydroxyethyl)-N,N-dimethyl bis(trifluoromethylsulfonyl)imide and 1-(2-Hydroxyethyl)-3-
methylimidazolium tetrafluoroborate has been estimated by means of Aspen Plus/Aspen 
HYSYS2. 
In this chapter, the experimental determination of both properties for ILs and their mixtures 
with ammonia and their correlations as a function of temperature and composition are 
explained in detail. 
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4.2 Measurements of Density and Viscosity of Ammonia/IL 
Mixtures 
 
The density and viscosity are measured using a vibrating tube densimeter and a piston type 
viscometer, respectively. Their principle of operation and calibration has been widely 
discussed in chapter 2. This section is focused in the description of the parts that had been 
designed in our laboratory to achieve the measurements: the injection cell and the pressure 
system. In addition, the experimental procedure to performance the measurements are 
described. 
Figure 4.1 shows a scheme of measurement cell designed at the Thermophysical Properties 
Laboratory-CREVER. The cell is built from stainless steel with an inner volume of 10 cm3 and 
covered with a jacket, suitable for working at high pressures and temperatures. On each 
sides of the cell has a connection with a two-way valve, one connects the cell to the pressure 
system (upper valve) and another one to connects the cell to the measurement equipment. 
In figure 4.2 is shows and scheme of the pressure system implemented. The system consists 
in the following parts:  
 Nitrogen bottle. 
 Two way valves, A1, A2 and A3. 
 Expansion vessel (Vol: 1L). 
 Depressurizing valve, C. 
 Three-way valve D. 
 
A controlled atmosphere of dry nitrogen is used for two purposes. The first one is facilitate 
the sample to come into measurement chamber, and the second one is to keep the sample 
over its saturation pressure (the maximum pressure is 30 bar). To accomplish this, a 
nitrogen line is carried out from compressed nitrogen bottle to the measurement cell (see 
figure 4.2). The dry nitrogen is introduced through the A1 valve, passing by the expansion 
vessel until the three-way D valve, where once the pressure is stable on the manometer, is 
opened towards the upper valve cell. This pressure is keep constant during the experiment. 
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Figure 4-1. Scheme of the measurement cell used to prepare and inject the sample of ammonia with 
the IL, and to measure thermophysical properties such as density, viscosity and heat capacity. 
 
Figure 4-2. Scheme of the pressure system used to inject the sample and to keep it in a liquid state 
for the binary system, composed by ammonia and IL during the measurement of thermophysical 
properties such as density and viscosity. 
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4.3 Procedure for Measuring Density and Viscosity of 
Ammonia/IL Mixtures 
 
 
In this section, the procedure for the sample preparation, equipment emptying and cell 
cleaning will be described in detail. Experimental conditions for density and viscosity 
measurements such ammonia composition and temperature range of the six binary 
mixtures are summarized in table 4.1 and table 4.2. In this case, a sample is prepared for 
each composition measured. Temperature ranges from 293.15 to 373.15K in a 10 K interval. 
In addition, the uncertainty for these samples are determined more details can be found in 
appendix L. 
 
The samples are prepared by introducing an initial quantity of IL using a syringe and 
determining by difference of mass with a precision balance (Mettler Toledo, mod AE 260 
Delta Range with 0.0001 g resolution) through the upper valve cell. Afterwards, the upper 
A2 valve is connected to a line composed by a three-way B valve, which allows  to connect 
the auxiliary cylinder with the known amount of ammonia (see chapter 3 section 3.4 for 
more details of this process) and the vacuum pump as well. Once done, liquid nitrogen is 
poured into the jacket cell to decrease the temperature cell. Before adding the ammonia, it 
is very important to remove the incondensable gases. For this purpose, the C valve is 
opened towards vacuum pump, and the A1 valve is opened slowly to remove air during 20 
minutes. Afterwards, the C valve is closed, and the ammonia auxiliary cylinder is opened to 
heat simultaneously with the connections, facilitating the transport of the compressed 
ammonia in to the cell. This process is carry out during 15 minutes.  Finally, the A1 valve is 
closed and the sample is melted by heating the cell, allowing that the dissolved gases pass 
to the vapor phase. The sample is then shaken during 20 minutes. Previously, the system is 
exposed to the operation pressure (30 bars) to detect any leak in the connections or 
viscometer cap, and then the pressure is removed from the system.  
The bottom valve cell is then connected to the equipment (see figure 4-3) and vacuum is 
applied to remove air in the measurement chambers for 20 minutes. Finally, the upper valve 
cell is connected to the pressure line (to keep the pressure constant during the experiment) 
and   then it is opened to permit the nitrogen compressed the sample generating an inert 
atmosphere. Nitrogen is selected due to its negligible solubility  in ILs 3-5. Once the sample 
is ready, the vacuum is closed and the upper valve cell is opened to fill up measurement 
chambers of both equipment with the sample, because they are connected in line. Software 
for data acquisition is programmed (Visual Engineering Environment 7.0, Agilent) by 
selecting the temperature profile of the experiment. 
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Once, the experiment finished, it is necessary to remove the sample from the system. This 
system consists of the equipment and the injection cell. To remove the sample from the 
system the valve that supplies nitrogen to the upper valve cell is closed. Then, the C valve 
is opened slowly outwards (more details about are described in section 2.4.1), and the 
sample is collected inside a vessel. It is very important to do this operation using a gas 
extractor to avoid an exposition to ammonia vapors. Afterwards, the cell is removed on 
both sides and washed using acetone for several times, in order to remove the remaining 
sample. Finally, the cell is dried inside the oven. The cleaning procedure to the equipment 
is described in Chapter 2; but in this case the equipment is cleaned until the presence of 
ammonia is completely vanished, which is verified by means of pH-indicator paper. 
Table 4.1 Experimental conditions for mesuraments of density of the mixtures. 
 
 
 
System(1)/(2) Composition xNH3 Temperature/K Number of Data 
NH3/[N112(2OH)] [TfO](a) 0.157 293.15-373.15 9 
0.335 293.15-373.15 9 
0.546 293.15-373.15 9 
0.733 293.15-363.15 8 
0.852 293.15-363.15 8 
NH3/[N112(2OH)] [NTf2]  0.140 293.15-373.15 9 
0.305 293.15-373.15 9 
0.484 293.15-373.15 9 
0.683 293.15-373.15 9 
0.820 293.15-373.15 9 
NH3/[N111(2OH)] [NTf2]  0.208 293.15-373.15 9 
0.408 293.15-373.15 9 
0.551 293.15-373.15 8 
0.719 293.15-373.15 9 
0.864 293.15-363.15 8 
NH3/[N1113] [NTf2] 0.161 293.15-373.15 8 
0.321 293.15-373.15 9 
0.447 293.15-373.15 9 
0.605 293.15-373.15 9 
0.705 293.15-373.15 9 
0.828 293.15-353.15 7 
NH3/[EtOHmim][BF4]  0.164 293.15-373.15 9 
0.341 293.15-373.15 9 
0.534 293.15-373.15 9 
0.710 293.15-373.15 9 
0.843 293.15-353.15 7 
NH3/[EtOHmim][NTf2] 0.206 293.15-373.15 9 
0.420 293.15-373.15 9 
0.554 293.15-373.15 9 
0.745 293.15-373.15 9 
0.874 293.15-353.15 7 
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Table 4.2 Experimental conditions for mesuraments of viscosity of the mixtures 
  
 
 
Figure 4-3.  Experimental Procedure.  
 
 
System(1)/(2) Composition xNH3 Temperature/K Number of Data 
NH3/[N112(2OH)] TfO](a) 0.157 293.15-373.15 9 
0.335 293.15-373.15 9 
0.546 293.15-373.15 9 
0.733 293.15-363.15 8 
0.852 293.15-363.15 8 
NH3/[N112(2OH)] [NTf2]  0.140 293.15-373.15 9 
0.305 293.15-373.15 9 
0.484 293.15-373.15 9 
0.683 293.15-373.15 9 
0.820 293.15-373.15 9 
NH3/[N111(2OH)] [NTf2]  0.208 293.15-373.15 9 
0.408 293.15-373.15 9 
0.551 293.15-373.15 8 
0.719 293.15-373.15 9 
0.864 293.15-363.15 8 
NH3/[N1113] [NTf2] 0.120 293.15-373.15 9 
0.284 293.15-373.15 9 
0.442 293.15-373.15 9 
0.569 293.15-373.15 9 
0.728 293.15-373.15 9 
NH3/[EtOHmim][BF4]  0.164 293.15-373.15 9 
0.324 293.15-373.15 8 
0.534 293.15-373.15 9 
0.710 293.15-373.15 9 
0.843 293.15-353.15 7 
NH3 /[EtOHmim][NTf2] 0.206 293.15-373.15 9 
 0.420 293.15-373.15 9 
0.554 293.15-373.15 9 
0.745 293.15-363.15 8 
0.874 293.15-353.15 7 
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4.4 Results of Measurements and Correlations 
 
Experimental data of the density and viscosity obtained from the system studied of 
ammonia/IL studied hereinare shown in appendix J and appendix I respectively. 
As expected, the density of binary mixture of an IL with ammonia decreased slightly as the 
ammonia mole composition and temperature increase. According to the results the 
following comments can be noted: 
 The presence of the hydroxyl group in the case of the choline based  ILs increase this 
property. On the other hand, the anion effect to this property follows the trend of 
NTf2>TfO. 
 In the case of imidazolium based ILs,the anion strongly affects values to this 
property, following the trend NTf2> BF4. 
 
Likewise, viscosity of the binary mixtures of the binary mixture of an IL with ammonia 
decreased as a consequence of increasing ammonia mole concentration and temperature. 
Based on the experimental results, the following  comments can be noted: 
 In the case of choline based ILs, there is a higher depletion of this property in the IL 
with the TfO anion, which gives higher capability of ammonia absorption. 
 The presence of hydroxyl group in the cation structure produces a higher depletion 
to this property when compared with the ILs without this hydroxyl group. 
 In  the case of imidazolium based ILs, the reduction is higher in the case of the IL 
with BF4 as anion as a consequence of its high affinity with ammonia. 
 
For all cases, the experimental data of the density and viscosity of ammonia/ILs mixtures 
are correlated as a function of temperature by means of empirical equations, which will be 
discussed in detail below. 
The correlation coefficients are determined using the least squares method, whereas both 
the relative deviation (max%, eq 4-1) and the root-mean-square deviation (rmsd, eq 4-2) 
are calculated using the correlation (Xcorr) and experimental data (Xexp) through the 
following equations: 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) = 100 ∙ (
𝑋𝑐𝑜𝑟𝑟 − 𝑋𝑒𝑥𝑝
𝑋𝑒𝑥𝑝
) 
(4-1) 
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where N is the total number of values compared. 
4.4.1 Density of Ammonia/IL Mixtures 
The density, temperature and ammonia mole composition for ILs and their mixtures with 
ammonia are correlated using eq. 4-3.  Coefficients A and B in eq. 4-3 are considered as 
composition and temperature dependent parameters, respectively. The coefficients 
obtained by regression of the studied binary system and RMSD are shown in table 4-3. All 
results can be found in appendix j. 
𝜌(𝑘𝑔 ∙ 𝑚−3) = 𝐴 + 𝐵 ∙ 𝐿𝑛 (𝑇(𝐾)) (4-3) 
𝐴 = ∑ 𝑎𝑖𝑥1
𝑖
5
𝑖=0
 
 
𝐵 = ∑ 𝑏𝑖𝐿𝑛
2
𝑖=0
(𝑇)𝑖 
 
 
Table 4.3 Parameters for the correlation of Eq. 4-3. 
a0 a1 a2 a3 a4 a5 b0 b1 b2 %RMSD 
Kg/m3 kg/m3ln(K) kg/m3ln(K)2 kg/m3ln(K)3 
NH3/[N112(2OH)] [TfO](a) 
2.307∙102 -1.1571∙102 -2.5901∙101 7.4753∙101 -8.3889∙101 -4.1136∙102 7.2104∙102 -1.0282∙102 1.9531∙100 0.27 
NH3/[N112(2OH)] [NTf2] 
6.1617∙102 1.1777∙102 -7.3944∙103 7.5898∙102 4.9012∙102 -1.2397∙103 4.2931∙102 -1.6344∙101 -5.6607∙100 0.18 
NH3/[N111(2OH)] [NTf2] 
9.7826∙102 -3.1223∙102 4.0856∙102 -1.0193∙102 -4.5241∙102 -2.1487∙102 3.0516∙102 2.2172∙100 -6.6289∙100 0.27 
NH3/[N1113] [NTf2] 
4.6902∙101 -2.165∙102 1.0208∙102 4.9511∙101 -1.5472∙102 -3.4919∙102 1.9763∙102   1.11315∙102 -1.8631∙101   0.35 
NH3/[EtOHmim][BF4] 
6.7114∙102 1.230∙103 -4.4951∙103 3.7441∙103 3.7913∙103 -5.1617∙103 1.2382∙103 -3.3074∙103 2.3067∙101   0.16 
NH3/[EtOHmim][NTf2] 
1.6029∙105 -1.3162∙102 -1.2108∙102 -1.5762∙102 1.1381∙103 -1.4811∙103 8.4797∙104 -1.4743∙104 8.5070∙102 0.14 
Figures 4-4 to 4-16. The estimated densities of the mixtures by means of eq. 4-3 as a 
function of temperature at different ammonia mole compositions for the six binary system 
studied herein are plotted. Additionally, we presented deviation from the experimental 
data to the values obtained through correlation as function of ammonia mole composition 
and temperature as well. 
As expected, for all studied systems, the density decreased as temperature increase. Also, 
the density decreases when the mole ammonia composition increases. Similar behavior has 
been reported in the literature with others systems 1, 6, 7 
𝑟𝑚𝑠𝑑 (%) = 100 ∙
√∑ (
𝑋𝑐𝑜𝑟𝑟 − 𝑋𝑒𝑥𝑝
𝑋𝑒𝑥𝑝
)𝑁𝑖
2
𝑁
 
 
(4-2) 
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For the first system studied (corresponding to NH3/[N112(2OH)][TfO] (figure 4-4), the 
maximum deviation between the experimental data and calculated data by means of 
correlation is 0.76% (figure 4-5 a) with a RMSD of 0.27%. The second studied system, 
NH3/[N112(2OH)][NTf2] (figure 4-6), presents a maximum deviation of 0.51% (figure 4-7 a) 
with a RMSD of 0.18%.  
The maximum deviation corresponds to the third system, NH3/[N111(2OH)][NTf2] (see 
figure 4-9 a), is 0.39% with a RMSD of 0.14%. In the case of fourth binary system, 
NH3/[N1113][NTf2] (figure 4-11 a), a RMSD of 0.35%. Once again, only one value overpasses 
0.5%, in this case out of 51 total values. 
On the other hand, we present the system composed by imidazolium based ILs, in this case 
NH3/[EtOHmim][BF4] (figure 4-13) and NH3/[EtOHmim][NTf2] (figure 4-15). The first one has 
a maximum deviation of 0.63% (see figure 4-14 1) with a RMSD of 0.16%. For the second 
system, we observe a maximum deviation of 0.41% (figure 4-16 a) with a RMSD of 0.14%. 
As a summary, it is possible to observe that for the different system studied that, the density 
of NH3/ILs as a function of temperature and composition is quite well correlated by means 
of the proposed equation. Therefore, this Information may be very useful to estimate the 
density of different system studied herein in regions where experimental data is not 
available. 
 
 
Figure 4-4. Density of binary system NH3/[N112(2OH)][TfO](a) as a function of temperature at several 
ammonia mole fractions: (▪), 0.157; (▪), 0.335; (▪), 0.546; (▪), 0.733; (▪), 0.852. Lines: calculated values 
by eq. 4-3. Symbols: the experimental data. 
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a) 
 
b) 
 
Figure 4-5. Deviation between experimental and estimated values of density using the eq. 4-1 for the 
NH3/[N112(2OH)][TfO](a)  as a  function of a) ammonia mole fraction and b) temperature. 
 
 
 
 
Figure 4-6. Density of binary system NH3/[N112(2OH)][NTf2] as a function of temperature at several  
ammonia mole fractions: (▪), 0.140; (▪), 0.305; (▪), 0.484; (▪), 0.683; (▪), 0.820. Lines: calculated values 
by eq. 4-3. Symbols: the experimental data. 
-1.0
-0.5
0.0
0.5
1.0
0 0.2 0.4 0.6 0.8 1
1
0
0
*(

co
rr
-
e
xp
)/

e
xp
XNH3
-1
-0.5
0
0.5
1
293 313 333 353 373
1
0
0
*(

co
rr
-
e
xp
)/

e
xp
T/K
1000
1100
1200
1300
1400
1500
1600
293 303 313 323 333 343 353 363 373
ρ
/ 
kg
·m
-3
T/K
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
                                                     Chapter 4. Determination of Density and Viscosity of Ammonia/ILs Mixtures 
 
4-11 
 
a) 
 
b) 
 
Figure 4-7. Deviation between experimental and estimated values of density using the eq. 4-1 for the 
NH3/[N112(2OH)][NTf2]  as a  function of a) ammonia mole fraction and b) temperature. 
 
 
 
 
Figure 4-8. Density of binary system NH3/[N111(2OH)][NTf2] as a function of temperature at several  
ammonia mole fractions: (▪), 0.208; (▪), 0.408; (▪), 0.551; (▪), 0.719; (▪), 0.864. Lines: calculated values 
by eq. 4-3. Symbols: the experimental data. 
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a) 
 
b) 
 
Figure 4-9. Deviation between experimental and estimated values of density using the eq. 4-1 for the 
NH3/[N111(2OH)][NTf2]  as a  function of a) ammonia mole fraction and b) temperature. 
 
 
 
Figure 4-10. Density of binary system NH3/[N1113][NTf2] as a function of temperature at several  
ammonia mole fractions: (▪), 0.163; (▪), 0.321; (▪), 0.447; (▪), 0.605; (▪), 0.705; (▪), 0.828. Lines: 
calculated values by eq. 4-3. Symbols: the experimental data. 
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a) 
 
b) 
 
Figure 4-11. Deviation between experimental and estimated values of density using the eq. 4-1 for 
the NH3/[N1113][NTf2]  as a  function of a) ammonia mole fraction and b) temperature. 
 
 
 
 
Figure 4-12. Density of binary system NH3/[EtOHmim][BF4] as a function of temperature at several 
ammonia mole fractions: (▪), 0.164; (▪), 0.341; (▪), 0.534; (▪), 0.710; (▪), 0.843. Lines: calculated values 
by eq. 4-3. Symbols: the experimental data. 
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a) 
 
b) 
 
Figure 4-13. Deviation between experimental and estimated values of density using the eq. 4-1 for 
the NH3/[EtOHmim][BF4]as a  function of a) ammonia mole fraction and b) temperature. 
 
 
 
 
Figure 4-14. Density of binary system NH3/[EtOHmim][NTf2] as a function of temperature at several 
ammonia mole fractions: (▪), 0.206; (▪), 0.420; (▪), 0.554; (▪), 0.745; (▪), 0.874. Lines: calculated values 
by eq. 4-3. Symbols: experimental data. 
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a) 
 
b) 
 
Figure 4-15. Deviation between experimental and estimated values of density using the eq. 4-1 for 
the NH3/[EtOHmim][NTf2] as a  function of a) ammonia mole fraction and b) temperature. 
 
4.4.2 Viscosity of Ammonia/IL Mixtures 
The viscosity, temperature and ammonia mole composition values of NH3/ILs mixtures with 
ammonia are correlated using Andrade type equation. The coefficients A, B, C, D and E in 
eq. 4-4 are considered as composition dependent parameters. These coefficients are 
obtained by data regression and RMSD are shown in table 4-4. All results are found in 
appendix K. 
 
𝐿𝑛 µ (𝑚𝑃𝑎 ∙ 𝑠) = 𝐴 +
𝐵
𝑇(𝐾)
+ 𝐶 ∙ 𝐿𝑛𝑇(𝐾) + 𝐷 ∙ 𝑇(𝐾) 
 
(4-4) 
𝐴 = ∑ 𝑎𝑖𝑥1
𝑖
𝑛
𝑖=0
 
 
𝐵 = ∑ 𝑏𝑖𝑥1
𝑖
𝑛
𝑖=0
 
 
𝐶 = ∑ 𝑐𝑖𝑥1
𝑖
𝑛
𝑖=0
 
 
𝐷 = ∑ 𝑑𝑖𝑥1
𝑖
𝑛
𝑖=0
 
 
where i=0…3. 
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Figures 4-16 to 4-27 show estimated viscosity of the mixtures for six system studied by 
means eq. 4-4 as function of temperature at different ammonia mole compositions. The 
capability of the correlation to estimate the viscosity of the studied systems is validated by 
means of comparison with experimental data. To accomplish this, the deviations are plot as 
a function of both ammonia mole composition and temperature.  
As expected for all studied systems, it is found that viscosity decreases as temperature 
increases. Also, viscosity  decreases as mole ammonia composition increases.6, 8, 9 
Figure 4-17 a) and figure 4-17 b) show the deviations of NH3/[N112(2OH)][TfO] binary 
system as a function of mole composition and temperature, respectively. It is possible to 
observe that the maximum deviation is 12% and the RMSD is 3.9%. The large deviations are 
located at low temperatures, and 2 values out of 45 have deviation higher than 10%. 
Deviations of the NH3/[N112(2OH)] [NTf2] system are shown in figure 4-19 a) and figure 4-
19 b). In this system, the maximum deviation is 7.8% with RMSD of 3.2%.  This deviation can 
be considered high. However, it is necessary to note that only 8 out of 45 values are higher 
5%, which correspond to the lowest and highest temperatures. The NH3/[N111(2OH)] [NTf2] 
system figure in 4-21 a) and figure 4-21 b) presents a maximum deviation of 15.5% with 
RMSD of 4.5%. Nevertheless, 5 values present deviation higher 10%, most of them are at 
the lower bound temperature. The binary system involving ammonium based IL 
NH3/[N1113] [NTf2], presented a maximum deviation of 10.6% figure 4-23 a) and figure 4-
23 b) with RMSD of 2.5%.  
Additionally, we show the deviations of the binary systems with imidazolium based ILs, 
NH3/[EtOHmim][BF4] and NH3/[EtOHmim][NTf2] in figure 4-25 a) and figure 4-25 b) and 
figure 4-27 a) and figure 4-27 b). In the first system, the maximum deviation is 17.1% with 
a RMSD of 4.5%; however, there are 6 out of 43 values having deviations higher than 10%. 
In the second system, the maximum deviation is 13% and the RMSD is 3.4%.  
As a summary, the different system studied the viscosity of NH3/ILs mixtures as a function 
of temperature and ammonia mole composition is quite well correlated by means of the 
proposed equation. Therefore, this Information may be very useful to estimate the viscosity 
of different system studied herein in regions where experimental data is not available. 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
                                                     Chapter 4. Determination of Density and Viscosity of Ammonia/ILs Mixtures 
 
4-17 
 
Table 4.4 Parameters for the correlation of Eq. 4-4. 
 
 
 
 
 
i A (mPa∙s) B (mPas∙K) C (mPa∙s/lnK) D (mPa∙s/K) % RMSD 
 
NH3/[N112(2OH)][TfO](a) 
0 1.8455∙102 1.7304∙101 -3.5405∙101 7.4324∙10-2 3.9 
1 1.8219∙102 1.4168∙101 -3.6541∙101 9.4226∙10-2  
2 -2.2522∙102 -2.2555∙100 4.2335∙101 -8.2710∙10-2  
3 -- -- -- --  
 
NH3/[N112(2OH)][NTf2] 
0 2.8057∙102 1.5017∙101 -5.5768∙101 1.3893∙10-1 3.2 
1 -1.9993∙102 -5.1369∙100 4.3783∙101 -1.5574∙10-1  
2 9.8041∙101 4.5037∙100 -2.5356∙101 1.2699∙10-1  
3 -- -- -- --  
  
 NH3/[N111(2OH)][NTf2] 
0 2.2634∙102 9.2031∙100 -4.4121∙101 9.8586∙10-2 4.5 
1 -1.3486∙101 4.5326∙10-1 3.8626∙100 -1.7007∙10-2  
2 -6.8453∙101 -1.5262∙100 1.0196∙101 3.7402∙10-3  
3 -- -- -- --  
 
NH3/[N1113][NTf2] 
0 1.9756∙102 9.5765∙100 -3.7968∙101 7.8583∙10-2 2.5 
1 -9.8667∙101 -3.3518∙100 1.6951∙101 -5.8031∙10-3  
2 -1.9577∙100 1.8941∙101 2.4481∙100 -4.0033∙10-2  
3 -- -- -- --  
 
NH3/[EtOHmim][BF4] 
0 -1.3199∙102 1.2350∙103 2.9235∙101 -1.1452∙10-1 4.5 
1 3.6091∙103 9.9975∙103 -7.5132∙102 2.2573∙100  
2 -8.1012∙103 3.6005∙102 1.6840∙103 -5.0467∙100  
3 4.6108∙103 6.8184∙102 -9.6351∙102 2.9350∙100  
 
NH3/[EtOHmim][NTf2] 
0 3.3795∙102 1.9114∙101 -6.7734∙101 1.7437∙10-1 3.4 
1 -2.6191∙102 -7.1944∙100 5.6903∙101 -1.9657∙10-1  
2 2.4847∙101 1.6793∙100 -1.0322∙101 8.3432∙10-2  
3 -- -- -- --  
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Figure 4-16. Viscosity of binary system NH3/[N112(2OH)][TfO](a) as a function of temperature at 
several  ammonia mole fractions: (■), 0.157; (■), 0.335; (■), 0.546; (■), 0.733;(■), 0.852. Lines: 
calculated values by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-17. Deviation between experimental and estimated values of viscosity using the eq. 4-1 for 
the NH3/[N112(2OH)][TfO](a) as a  function of a) ammonia mole fraction and b) temperature. 
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Figure 4-18. Viscosity of binary system NH3/[N112(2OH)][NTf2] as a function of temperature at 
several  ammonia mole fractions: (■), 0.140; (■), 0.305; (■), 0.484; (■), 0.683; (■), 0.820. Lines: 
calculated values by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-19. Deviation between experimental and estimated values of viscosity using the eq. 4.1 for 
the NH3/[N112(2OH)][NTf2]   as a  function of a) ammonia mole fraction and b) temperature. 
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Figure 4-20. Viscosity of binary system NH3/[N111(2OH)][NTf2]  as a function of temperature at 
several  ammonia mole fractions: (■), 0.208; (■), 0.408; (■), 0.551; (■), 0.719; (■), 0.864. Lines: 
calculated values by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-21. Deviation between experimental and estimated values of viscosity using the eq. 4-1 for 
the NH3/[N111(2OH)][NTf2]  as a  function of a) ammonia mole fraction and  b) temperature. 
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Figure 4-22. Viscosity for binary system NH3/[N1113][NTf2] as function temperature at several  
ammonia mole fractions: (■), 0.120; (■), 0.284; (■), 0.442; (■), 0.569; (■), 0.728. Lines: calculated values 
by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-23. Deviation between experimental and estimated values of viscosity using the eq. 4-1 for 
the NH3/[N1113][NTf2] as a  function of a) ammonia mole fraction and b) temperature. 
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Figure 4-24. Viscosity of binary system NH3/[EtOHmim][BF4] as function of temperature at several 
ammonia mole fractions: (■), 0.164; (■), 0.324; (■), 0.534; (■), 0.710; (■), 0.843. Lines: calculated values 
by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-25. Deviation between experimental and estimated values of viscosity using the eq. 4-1 for 
the NH3/[EtOHmim][BF4] as a  function of a) ammonia mole fraction and  b) temperature. 
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Figure 4-26. Viscosity of binary system NH3/[EtOHmim][NTf2] as function of temperature at several 
ammonia mole fractions: (■), 0.206; (■), 0.420; (■), 0.544; (■), 0.745; (■), 0.874. Lines: calculated values 
by eq. 4-4. Symbols: the experimental data. 
 
 
a) 
 
b) 
 
Figure 4-27. Deviation between experimental and estimated values of viscosity using the eq. 4-1 for 
the NH3/[EtOHmim][NTf2 as a  function of a) ammonia mole fraction and b) temperature. 
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4.5  Conclusions 
 
 According to the reviewed literature, there is a lack of experimental data regarding 
thermophysical properties (such as density, viscosity, heat capacity and thermal 
conductivity) on systems composed by an IL and an in gas phase compound at room 
temperature for different applications. To the best of our knowledge, new density 
and viscosity data of the six binary system studied herein composed by an IL and 
ammonia, usually in a temperature range from 293.15 K to 373.15 K and ammonia 
mole fraction from 0.157 to 0.857, is presented. 
 Density of the ILs and their mixtures with ammonia as a function of temperature and 
composition can be quite well correlated by means of the newly proposed equation. 
The deviations observed between experimental and calculated data are less than 
1%, indicating that this correlation is well suited for estimating the density of the IL 
and its mixture with ammonia, in the temperature range and ammonia mole 
composition considered for each IL studied herein. 
 An increase of ammonia mole composition produces a reduction of density values 
of the IL and its mixtures of ammonia when compared with the values for the IL. This 
reduction increase as temperature increases. 
 Viscosity of ILs and their mixtures with ammonia as a function of temperature and 
temperature can be correlated quite well by means of the proposed equation. In 
general, this correlation can be used to estimate the viscosity of the IL and its 
mixture with ammonia, producing with errors lower than 15% in most of the cases. 
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5  
Chapter 5 
Performance of Single-Effect Absorption 
Refrigeration Systems using Ammonia/IL Mixtures 
 
 
 
5.1 Introduction  
 
Most of the commercial absorption refrigeration systems used ammonia-water (NH3-H2O) 
as working mixture for cooling below 0°C and water-lithium bromide (H2O-LiBr) for air 
conditioning applications. Nevertheless, they present some drawbacks such a necessity of 
a rectifier column for the purification of NH3-H2O and crystallization and inhibitors of 
corrosion for H2O-LiBr. Therefore, seeking more advantageous working pairs has become a 
research focus in recent years. In order to overcome those disadvantages ILs have been 
proposed to replace the absorbents. 
The thermophysical properties of working fluids are required since they are critic in the 
evaluation of thermodynamic performance of an absorption refrigeration system. Different 
investigations related to new working pairs of different ILs with Water 1, 2, Ammonia 3, 
4Carbon Dioxide5 and  Trifluoroethanol6 for absorption refrigeration cycle. In those studies, 
are evaluated mass flow circulation ratio and Coefficient of Performance as operating 
parameters. To accomplish this is required the vapor-liquid equilibrium and excess 
enthalpies of the binary systems at operation conditions of the cycle, containing the IL and 
refrigerant.   
In this chapter are presented the principle operation of the absorption cycle, the equations 
of mass and energy balance for modeling of the cycle, and determination of the 
thermodynamic properties of the mixture, assumptions and tool use to solve the simulation 
of the cycle. Results of two operational parameters mentioned above were compared with 
those obtained for conventional working fluids such as ammonia-water(NH3/H2O) and 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
  A. Cera-Manjarres, Doctoral Thesis, Universitat Rovira i Virgili, Tarragona (Spain) 2015. 
 
5-2 
 
ammonia-lithium nitrate (NH3/LiNO3), and different ILs used for this purpose. In addition, 
an analysis about the viscosity of the mixture at the outlet of absorber is done. 
 
5.2 Single-Effect Absorption Refrigeration System 
 
The operation of the absorption refrigeration cycle can be easily explained when compared 
to a conventional vapour-compression cycle 7. The principle of operation of both cycles is 
very similar, and only two main differences must be pointed out. First, the absorption 
refrigeration cycle uses thermal energy as the driving energy, whereas vapor-compression 
cycle is activated by mechanical energy (figure 5-1). Conversely, it is well known that the 
compressor is the main component in a vapor pressure compression cycle. Thus, the second 
difference is related to the substitution of the conventional compressor with the thermal 
compressor, which is composed by four components: absorber, pump, generator, and 
expansion valve and solution-solution heat exchanger 8. As a result of this configuration, 
there is another fluid in addition to the refrigerant, known as absorbent. The absorber acts 
as the refrigerant in vapor phase is absorbed by another liquid, which is called absorbent 
and has a high concentration. The mixture, rich in refrigerant, is pressurized to the 
generator at a high pressure using a pump, which only requires a minimum amount of 
energy supply when compared to a compressor, effectively reducing the energetic 
requirements. 
 The generator separates the absorbent from the refrigerant by the application of thermal 
energy. The remaining solution in the generator, poor in refrigerant, is returned to the 
absorber at a low pressure by means of an expansion valve 9. 
The Heat Exchanger Solution-Solution (HESS) is also known as economizer, because it allows 
the solution from the absorber to be preheated before entering the generator, by using the 
heat from the heated solution, leaving the generator. This reduces the input heat at the 
generator10. 
The cycle is complete using components with similar purpose than compressor cycle such 
as: condenser, expansion valve and evaporator. In the first unit the vapor of refrigerant 
leaving the generator is condensed during this process heat is rejected to the dissipation 
medium usually water or air. The expansion valves are used to reduce the pressure. In the 
last unit the liquid refrigerant is vaporized producing the cooling effect over the fluid 
required, which is limited by the working fluid used. 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
Chapter 5. Performance of Single-Effect Absorption Refrigeration Systems using Ammonia/ILs Mixtures 
 
5-3 
 
The Coefficient of Performance (COP) is a common measure of the performance of a 
refrigeration cycle. It’s defined as the ratio of the cooling power produced (QE) by the energy 
input in the system (QG) plus pump consumption (W) and is calculated by following equation 
𝐶𝑂𝑃 =
𝑄𝐸
𝑄𝐺 + 𝑊
 
(5-1) 
 
In the case of absorption refrigeration systems, COP represents the cooling power divided 
by the heat input in the generator. Since the work input for the solution pump is very small 
compared with the heat input in the generator, this value is sometimes neglected for the 
calculation of the COP. 
 
 
 
a) 
 
 
 
 
b) 
 
 
Figure 5-1.  Schematics and comparison of (a) a vapor compression system and (b) an absorption 
system.  
Mass and Energy Balances 
It is necessary to get mass and energy balance equations for each component in the cycle 
in order to simulate the thermodynamic cycle performance of these new working fluids. 
The variables of mass flow, refrigerant mass fraction and enthalpy for each stream are 
represented by 𝑚, 𝑤, and ℎ respectively.  And their number in square bracket corresponds 
to stream number in figure 5-2. In order to solve the mass and energy balances, 
thermophysical properties of the pure compounds and their mixtures are required. 
Thermophysical properties of pure compounds such as density and heat capacity were 
determined in chapter 2. In the case of mixture thermophysical properties such vapor liquid 
equilibrium and density were determined in chapter 3 and chapter 4. 
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Figure 5-2. Diagram of a single stage absorption refrigeration cycle with NH3/IL on PTx diagram. 
 
Pump 
The mass balance between inlet and outlet of Solution pump can be written as: 
𝑚[1] − 𝑚[2] = 0 
 
(5-2) 
And the absorbent mass balance can be written as: 
𝑚[1] ∙ 𝑤1[1] − 𝑚[2] ∙ 𝑤1[2] = 0 
 
(5-3) 
Solution pump work can be described as follows: 
𝑤𝑝 = (𝑝𝐻𝑖𝑔ℎ − 𝑝𝐿𝑜𝑤)𝜈
𝑚[1]
𝜂𝑝
 
 
(5-4) 
Where 𝑝𝐻𝑖𝑔ℎ and 𝑝𝐿𝑜𝑤are outlet and inlet pressure of the pump, respectively. The symbol 
𝜈, represents the specific volume of the solution and 𝜂𝑝, is the pump efficiency. 
Hence, the solution enthalpy at the outlet of the pump (stream 2) can be calculated from 
the following energy balance: 
ℎ[1] + 𝑤𝑝 − ℎ[2] = 0 (5-5) 
Solution-Solution Exchanger 
The mass balance between inlet and outlet cold stream can be written as: 
𝑚[2] − 𝑚[3] = 0 
 
(5-6) 
And the absorbent mass balance can be written as: 
𝑚[3] ∙ 𝑤1[3] − 𝑚[2] ∙ 𝑤1[2] = 0 
 
(5-7) 
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Similarly, mass balance and absorbent mass balance between inlet and outlet hot stream 
can be formulated as follows: 
𝑚[4] − 𝑚[5] = 0 (5-8) 
Finally, the energy balance in the solution-solution heat exchanger can be described as 
follows: 
𝑚[4] ∙ ℎ[4] − 𝑚[5] ∙ ℎ[5] = 𝑚[3] ∙ ℎ[3] − 𝑚[2] ∙ ℎ[2] (5-9) 
 
Throttling Valve VE1 
Mass balance and absorbent mass balance between inlet and outlet of the valve can be 
formulated as follows: 
𝑚[6] − 𝑚[5] = 0 (5-10) 
𝑚[6] ∙ 𝑤1[6] − 𝑚[5] ∙ 𝑤1[5] = 0 (5-11) 
The isenthalpic process in the throttling valve can be mathematically written as follows: 
ℎ[6] − ℎ[5] = 0 (5-12) 
Absorber A  
Mass balance and absorbent mass balance in the absorber can be described as: 
𝑚[10] + 𝑚[6] − 𝑚[1] = 0 
 
(5-13) 
𝑚[10] ∙ 𝑤1[10] + 𝑚[6] ∙ 𝑤1[6] − 𝑚[1] ∙ 𝑤1[1] = 0 (5-14) 
Thus, the energy balance in the absorber can be calculated using following equation: 
𝑚[10] ∙ ℎ[10] + 𝑚[6] ∙ ℎ[6] − 𝑚[1] ∙ ℎ[1] −  𝑄𝑎𝑏𝑠 = 0 
where 𝑄𝑎𝑏𝑠, is absorber thermal load. 
(5-15) 
Generator G 
The total mass and absorbent mass balance equation from the absorber above also can be 
applied for the process in the generator. The mass balance equation can be rewritten as 
follows: 
𝑚[7] + 𝑚[4] − 𝑚[3] = 0 (5-16) 
𝑚[7] ∙ 𝑤1[7] + 𝑚[4] ∙ 𝑤1[4] − 𝑚[3] ∙ 𝑤1[3] = 0 (5-17) 
and similarly to the absorber, the energy balance in the generator can be calculated using 
following equation: 
𝑚[7] ∙ ℎ[7] + 𝑚[4] ∙ ℎ[4] − 𝑚[3] ∙ ℎ[3] −  𝑄𝑔𝑒𝑛 = 0 
where 𝑄𝑔𝑒𝑛, is generator thermal load. 
(5-18) 
Condenser C 
The mass balancein the condenser can be expressed as: 
𝑚[7] − 𝑚[8] = 0 
 
(5-19) 
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and then the condenser thermal load (𝑄𝑐𝑜𝑛𝑑) can be calculated using the following 
expression: 
𝑚[7] ∙ ℎ[7] − 𝑚[8] ∙ ℎ[8] −  𝑄𝑐𝑜𝑛𝑑 = 0 (5-20) 
Throttling Valve VE2 
The mass balance for the refrigerant inlet and outlet of the valve can be formulated as 
follows: 
𝑚[9] − 𝑚[8] = 0 (5-21) 
The isenthalpic process in the throttling valve can be mathematically written as follows: 
ℎ[9] − ℎ[8] = 0 (5-22) 
Evaporator  
Similar to the condenser, the mass balance in the evaporator can be expressed as: 
𝑚[10] − 𝑚[9] = 0 
 
(5-23) 
and finally the Evaporator thermal load (𝑄𝑒𝑣𝑎𝑝) can be calculated using the following 
expression: 
𝑚[10] ∙ ℎ[10] − 𝑚[9] ∙ ℎ[9] −  𝑄𝑒𝑣𝑎𝑝 = 0 (5-24) 
 
5.3 Determination of the Thermodynamic Properties of the 
Mixtures  
 
It is well known that the design of absorption refrigeration systems is determined by the 
thermophysical properties of the working fluids. Among the most important 
thermodynamic variables, the following are identified: pressure, temperature, mass 
fraction, enthalpy, specific volume and entropy. From a practical point of view, in order to 
represent the information of these variables, the elaboration of a diagram is preferred. 
Nevertheless, to display all the variables, a multidimensional diagram is required, which 
could be difficult to manipulate. Therofore, two dimensional diagrams are usually 
employed. These diagrams show any two variables on their respective axis and display 
others variables as multiple sets of curves with constant properties, such as isobars and 
isotherms. In the case of absorption systems, the additional variable that can be taken into 
account is the composition. Two of the most widely used diagrams for design calculations 
of absorption cycles are: 1) enthalpy-temperature-composition diagram (h, T, x) and 2) 
pressure-temperature-composition diagram (P,T, x)9. In the first one, the enthalpy is plotted 
against the mass fraction of the refrigerant in the mixture using the temperature or pressure 
as parameter. In the second one, the logarithm of the vapor pressure is plotted against the 
negative reciprocal of the temperature. This representation is plotted for mixture of fluids 
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using vapor pressure vs -1/T. When the mass fraction of saturated the liquid is constant, 
straight lines are plotted in the diagram most of the times. 
5.3.1  Solution Enthalpy 
To solve the energy balance in a refrigeration cycle, it is necessary to know the enthalpy at 
different streams. Given the stream leaving the generator implies the refrigerant is now 
pure, the IL (absorbent) has a vapor pressure of zero, making the use of a rectifier column 
unnecessary. In this case, it is only required to know the enthalpy of the mixtures of stream 
in the points where the absorbent is circulating (absorber, generator and solution-solution 
exchanger). Therefore, the molar enthalpy of mixture, hm, with an ammonia mole fraction 
(x1) and temperature (T), can be estimated by means of the follows equation: 
ℎ𝑚
𝐿 (𝑥1, 𝑇(𝐾)) = 𝑥1ℎ1
𝐿 + 𝑥2ℎ2
𝐿 + ℎ𝐸(𝑥1, 𝑇(𝐾)) (5-25) 
where, h1L and h2L, corresponds to liquid molar enthalpy of refrigerant and absorbent, and 
hE is the excess molar enthalpy, which represent non-ideal behavior of the mixture. The 
liquid enthalpies of pure components can be estimated through molar heat capacity (Cp) as 
a function of temperature using the next equation: 
ℎ𝑖
𝐿 = ∫ 𝐶𝑝,𝑖
𝑇
𝑇0
(𝑇)𝑑𝑇 
(5-26) 
where, i=1,2 and T0 is a reference temperature. Temperatures and enthalpies references 
for each component are summarized in table 5-3. The experimental values of heat capacity 
of ILs studied herein were reported in chapter 2 section 2.7.4.  It’s necessary to highlight 
due to problems with the equipment is was not possible to determine the Cp for all ILs. 
Thus, it was necessary to estimate the value of this property for [N112(2OH)] [NTf2] by 
means of the correlation referenced in the literature11. The correlation is given for the 
following equation: 
𝐶𝑝 /𝐽 ∙ 𝑚𝑜𝑙
−1 ∙ 𝐾−1 = −122.16826 + 0.45794 ∙ 𝑇 + 12.8395 ∙ 𝑁_𝑐𝑎𝑡𝑖𝑜𝑛 − 56.85424 ∙ 𝐶𝐻3𝑅−𝑐𝑎𝑡𝑖𝑜𝑛
+ 19.25836 ∙ 𝑁_𝑎𝑛𝑖𝑜𝑛 − 11.36109 ∙ 𝑛𝐻_𝑎𝑛𝑖𝑜𝑛 
 (5-27) 
 
where N is the atom counts (N) in both anion and cation structures, the number of hydrogen 
in anions (nH) and the number methyl groups (CH3) in cation counter parts of ionic liquids. 
In our case, there is no experimental information regarding the molar excess enthalpy (hE). 
Even so, this property is usually estimated from vapor-liquid equilibrium, due to the fact 
that it can be obtained by deriving the model used to determine activity coefficients respect 
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to the temperature, keeping the composition and temperature constant according to the 
next equation12: 
ℎ𝐸 = −𝑅𝑇2 (
𝜕𝑙𝑛𝛾𝑖
𝜕𝑇
)
𝑝,𝑥
 
(5-28) 
Herein the model used was NRTL, and the expression to calculate the excess molar enthalpy 
based on two binary interactions parameters with only one term dependent of temperature 
and a non-random distribution is given by the following equation13: 
ℎ𝐸 = −𝑅 [
𝑥1𝑥2𝑏21𝐺21[𝑥1(𝛼12𝜏21 − 1) − 𝑥2𝐺21]
(𝑥1 + 𝑥2𝐺21)2
+
𝑥1𝑥2𝑏12𝐺12[𝑥2(𝛼12𝜏12 − 1) − 𝑥1𝐺12]
(𝑥2 + 𝑥1𝐺12)2
] 
(5-29) 
 
Then, equations 5-26 and 5-28 are replaced into equation 5-25 to obtain the liquid molar 
mixture enthalpy. Nevertheless, it is necessary to formulate an expression as a function of 
temperature and composition, which allows to calculate the values of this property in the 
regions where there is no experimental data available. To accomplish this, the information 
is correlated by means of a polynomial expression. The coefficients for this expression were 
obtained by using the least squares method and their values are shown in table 5-2: 
ℎ𝑚
𝐿 (𝑥1, 𝑇) = 𝐴 + 𝐵 ∙ 𝑇(𝐾) + 𝐶 ∙ 𝑥1 + 𝐷 ∙ 𝑇(𝐾)
2 + 𝐹 ∙ 𝑥1 ∙ 𝑇(𝐾) (5-30) 
The mass liquid enthalpy of the solution can be estimated using the following expression. 
ℎ𝐿(𝑥1, 𝑇) =
ℎ𝑚
𝐿 (𝑥1, 𝑇)
𝑀
 
(5-31) 
where 
𝑀 = 𝑥1 ∙ 𝑀1 + 𝑥2 ∙ 𝑀2 (5-32) 
being M1 and M2 molecular weight of pure components. In figure 5-3, the enthalpy-
temperature composition Diagram (HTx) for the binary system is shown. 
Table 5-1. Temperature and enthalpies of reference used in eq. 5-26. 
 
 
 
 
* Values taken from reference 14 
Pure component T Ref/ K Enthalpy Ref J∙g-1 
Ammonia 273.15* 200.0* 
[N112(2OH)][TfO] 313.15 390.6* 
[N112(2OH)][NTf2]  273.15               200.0 
[N111(2OH)][NTf2]  313.15 390.6 
[N1113][NTf2] 313.15 390.6 
[EtOHmim][BF4]  273.15 200.0 
[EtOHmim][NTf2]  273.15 200.0 
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Table 5-2.  Parameters for the correlation of Eq. 5-30. 
A (J∙mol-1) B (J∙mol-1∙K-1) C(J∙mol-1) D(J∙mol-1∙K-2) E(J∙mol-1) F(J∙mol-1∙K-1) % RMSD 
NH3/[N112(2OH)] [TfO] 
8.82E+03 2.02E+02 -1.77E+04 3.33E-01 2.45E+04 -3.35E+02 1.54 
NH3/[N112(2OH)] [NTf2] 
1.36E+04 8.65E+01 6.42E+01 5.67E-01            3.30E+04          -3.92E+02             6.47 
NH3/[N111(2OH)] [NTf2] 
-2.21E+07 3.76E+04 3.45E+07 1.06E+02 6.55E+04 -1.11E+05 5.80 
NH3/[N111(2OH)] [NTf2] 
-8.70E+03 4.90E+02 1.69E+04 9.91E-02 -2.65E+04 -4.42E+02 3.16 
NH3/[EtOHmim][BF4] 
-1.09E+05 4.35E+02 7.66E+04 3.77E-01 4.80E+04 -5.83E+02 3.00 
NH3/[EtOHmim][NTf2] 
-4.71E+04 4.14E+02 3.17E+04 2.13E-01 1.62E+04 -4.63E+02 1.61 
 
 
Figure 5-3.  HTx diagram for binary system NH3/[EtOHmim]][NTf2] as function ammonia mole 
fraction at several  temperatures: (−), 293.15K; (−), 303.15K; (−), 313.15K; (−), 323.15K; (−), 333.15K; 
(−), 343.15K; (−), 353.15K; (−), 363.15K; (−), 373.15K. Lines: calculated values by eq. 5-30. 
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5.3.2  PTX Diagram 
As explained in chapter 3 (section 3.4.2), the vapor pressure of systems studied herein was 
correlated by means of Antoine type equation. Vapor pressure, temperature and molar 
mole fraction were calculated using the following expressions: 
 
   𝐿𝑛 𝑝(𝑘𝑃𝑎) = 𝐴 +  
𝐵
𝑇
+ 𝐶 ∙ 𝐿𝑛(𝑇(𝐾)) + 𝐷 ∙ 𝑇(𝐾)  
(5-33) 
𝐴 = ∑ 𝑎𝑖𝑥1
𝑖
𝑛
𝑖=0
  
 
𝐵 = ∑ 𝑏𝑖𝑥1
𝑖
𝑛
𝑖=0
  
 
 
  𝐶 = ∑ 𝑐𝑖𝑥1
𝑖
𝑛
𝑖=0
   
 
   𝐷 = ∑ 𝑑𝑖𝑥1
𝑖
𝑛
𝑖=0
     
 
 
where i= 0…3. 
Nevertheless, this equation must be expressed in terms of mass fraction in order to build 
the PTx diagram. Therefore, it is necessary to replace the mole fraction by the mass fraction 
on equation 5-33. To accomplish this, the mole fractions is convert to mass fraction by using 
the next equation: 
𝑤1 =
𝑥1 ∙ 𝑀1
(𝑥1 ∙ 𝑀1 + 𝑥2 ∙ 𝑀2)
 
(5-34) 
 
where, M1 and M2 are molecular weight of pure components. 
In figure 5-4, the pressure-temperature-composition Diagram (PTx) for the binary system 
is shown. 
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Figure 5-4.  PTx diagram for binary system NH3/[EtOHmim][BF4] as function temperature at several 
ammonia mass fraction. Lines: calculated values by eq. 5-33. 
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5.4 Simulation of the Absorption Cycle 
 
The modeling of a Single-effect Absorption cycle was done using the Equation Engineering 
Solver (EES) software. This software has the capability to solve simultaneous equation 
systems such as differential equations and algebraic equations with complex variables. Also, 
it is used for the solution of optimization problems and to solve linear and nonlinear 
regressions. Results can be presented by means of plots or parametric tables. This tool 
offers the advantage of automatically identify and gather equations that have to be solve 
simultaneously. Another advantage is the incorporation in its database of mathematical 
expressions of thermophysical pure components, as well as some working fluids used in 
refrigeration by absorption. It is necessary to highlighted that the properties of new fluids 
can be add easily. 
The mathematical modeling of the absorption cycle is based on mass and energy balances 
of each component and the cycle specifications (for instance: hypothesis, independent 
variables). The presumptions done during the calculation of cycle performance are: 
 The cycle operates under steady state condition. 
 Thermodynamic equilibrium of stream leaving each unit. 
 Variation in kinetic and potential energies are considers negligible. 
 Expansion valves are isenthalpic. 
 Mass and energy conservation in each unit of the cycle. 
 Design specifications for some equipment are fixed to the following values: 
o Exchanger efficiency is equal to 1 
o Pump isentropic efficiency is equal to 0.5.   
In the simulation software, the user has to input some values for independent variables 
to solve the system of equations that describes the studied cycle. The variables are 
typically the working temperatures level according to cooling requirements. Values 
were chose in order to compare results obtained herein with different ILs used for this 
purpose 3. Therefore, the variables selected as independent for the cycle are the 
temperatures of outside energies: 
 Vapor temperature at the outlet of the evaporator (TE= 10°C). 
 Solution temperature at the outlet of the generator (TG=100°C). 
 Solution temperature at the outlet of the absorber (TA=30°C). 
 Vapor temperature exit from condenser (TC=40°C). 
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Once the independent variables are chosen and the calculus base is selected (a refrigerant 
flow of 1 kg/s at the inlet to the evaporator), the non-lineal system of equations is solved. 
Then, the pressure, overall composition, vapor quality and flows for each point in the cycle 
are obtained. 
 
5.5 Performance Indicators and Results 
 
In order to study the thermodynamic performance of Single-effect absorption refrigeration 
system using Ionic Liquids-Ammonia Mixtures Studied herein as the working fluids pairs, 
the parameters selected to evaluate such performance of the cycle were the Coefficient of 
Performance (COP) and mass flow circulation ratio (f).  
The Coefficient of Performance (COP) is a common measure of the performance of a 
refrigeration cycle. It’s defined as the ratio of the cooling power produced (QE) by the energy 
input in the system (QG) plus pump consumption (W). It is calculated by means eq. 5-1. 
 Mass flow circulation ratio (f) indicates the poor solution of absorbent mass necessary to 
absorb one kilogram of refrigerant. A high value of this parameter means that the difference 
in mass concentration between a strong solution and a poor solution is low. Therefore, it 
would be necessary to recirculate a high flow rate to absorb the refrigerant. As a 
consequence, the COP drops quickly. In addition, the work input for the pump increases. 
This parameter is defined by the following equation, which results of rewriting equations 5-
16 and 5-17, corresponding to the mass balances at the generator. 
𝑓 =
𝑚[3]
𝑚[7]
=
1 − 𝑤1[4]
𝑤1[3] − 𝑤1[4]
=
𝑤2[4]
𝑤2[4] − 𝑤2[3]
 
(5-35) 
 
Cycle conditions were selected in order to performance a comparison with those systems. 
In the case of NH3/H20, the values of its performance indicators were taken from reference3. 
In the case of NH3/LiNO3, the performance indicators were calculated based on 
thermophysical properties  obtained from references15, 16. A comparison of the results 
between ILs studied herein and conventional and conventional absorbents are shown in 
table 5-3.  The studied ILs herein which have a hydroxyl group in the cation structure present 
lower mass flow circulation ratio (f) and with exception of [N112(2OH)] [NTf2], all ILs present 
higher COP. When ILs present a different anion, in the case of choline based ILs the f trend 
follows the order TfO <NTf2, and TfO >NTf2 for the COP. On the other hand, the imidazolium 
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based ILs follow the order BF4<NTf2 for both f and COP. The comparison with conventional 
working fluids is observed that all the ILs studied in this thesis present a higher COP. 
Nevertheless, in terms of f, it is observed that all ILs studied present a higher value than 
conventional working fluids. 
A similar comparison is done with different reported ILs in the literature for the same 
purpose as it can be seen in table 5.4. Results shown that all the ILs studied in this thesis 
present a higher COP. In terms of f, it is observed that one of the new ILs studied [EtOHmim] 
[BF4] presents the lowest value.  
In conclusion, even though NH3/[EtOHmim][BF4] has slightly lower COP as compared with 
others ILs, it has the lowest mass flow circulation ratio, which indicates that it can be a 
suitable candidate as new working pair for absorption refrigeration system. 
 
Table 5-3.  Results of thermodynamic absorption cycles 
 
 
 
 
 
&Cycle conditions: TGenerator=100°C; TCondenser=40°C; TAbsorber=30°C; TEvaporator=10°C. Abbreviations: f, mass flow 
circulation ratio; w2gen, absorbent mass fraction in the generator; w2abs, absorbent mass fraction in the absorber, and COP, 
the coefficient of performance. # Values for this system were taken from reference 3. 
 
 
 
 
 
 
 
 
System(1)/(2) f w2gen w2abs COP 
NH3/[N112(2OH)] [TfO] 10.60 0.917 0.831 0.855 
NH3/[N112(2OH)] [NTf2]  16.06 0.924 0.866 0.747 
NH3/[N111(2OH)] [NTf2]  14.81 0.917 0.855 0.834 
NH3/[N1113] [NTf2] 43.74 0.927 0.906 0.765 
NH3/[EtOHmim][BF4]  7.07 0.889 0.763 0.813 
NH3/[EtOHmim][NTf2]  13.67 0.931 0.863 0.901 
NH3/H2O# 2.54 0.595 0.361 0.646 
NH3/LiNO3  3.64 0.575 0.417 0.724 
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Table 5-4.  Comparisons of thermodynamic absorption cycles  
 
 
 
 
 
 
 
 
 
&Cycle conditions: TGenerator=100°C; TCondenser=40°C; TAbsorber=30°C; TEvaporator=10°C. Abbreviations: f, mass flow 
circulation ratio; w2gen, absorbent mass fraction in the generator; w2abs, absorbent mass fraction in the absorber, and COP, 
the coefficient of performance. (ᶲ) Values for these systems were taken from reference 3. 
5.6 Evaluation of the Viscosity of Ammonia/IL mixtures at the 
outlet of the Absorber 
One of the main disadvantages of pure ILs is their high viscosity, which is usually related to 
an increase on the energy input required for pumping. However, in diverse processes where 
the mass and heat transfer are involved (such as absorption and distillation), the presence 
of a component with high viscosity makes them less efficient. In the case of absorption 
process is true that the IL cannot be pure in the absorber and also is assumed a decrease of 
viscosity of mixture with the refrigerant. However, it is necessary to evaluate this property 
at the outlet of the absorber, in order to know which of the systems studied here is the 
most suitable based on this information. In addition, these were compared with a common 
working fluids (such as NH3/LiNO3) proposed to overcome the handicap of using a rectifier 
column, given the absorbent is a salt.  In spite of this, its main drawback is the high viscosity 
of the mixture.  To accomplish this, it was used correlations described in chapter 4 (section 
4.4.2) for each system and it was evaluated at the compositions found in table 5-4. Results 
of systems studied are summarized in table 5-5. Results show that the binary system 
NH3/[N111(2OH)] [NTf2] presented the lowest viscosity at the outlet of the absorber. 
 
 
System(1)/(2) f w2gen w2abs COP 
NH3/[N112(2OH)][TfO] 10.60 0.917 0.831 0.855 
NH3/[N112(2OH)][NTf2]  16.06 0.924 0.866 0.747 
NH3/[N111(2OH)][NTf2]  14.81 0.917 0.855 0.834 
NH3/[N1113][NTf2] 43.74 0.927 0.906 0.765 
NH3/[EtOHmim][BF4]  7.07 0.889 0.763 0.813 
NH3/[EtOHmim][NTf2]  13.67 0.931 0.863 0.901 
NH3/[Bmim][PF6]ᶲ 17.27 0.945 0.890 0.575 
NH3/[Hmim][Cl]ᶲ 14.26 0.939 0.873 0.525 
NH3/[Emim][NTf2]ᶲ 24.57 0.963 0.924 0.589 
NH3/[Bmim][BF4]ᶲ 12.98 0.957 0.883 0.557 
NH3/[Emim][Ac]ᶲ 12.55 0.923 0.850 0.573 
NH3/[Emim][SCN]ᶲ 12.42 0.927 0.852 0.557 
NH3/[Emim][EtSO4]ᶲ 17.55 0.952 0.898 0.485 
NH3/[DMEA][Ac]ᶲ 7.60 0.841 0.731 0.612 
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Table 5-5.  Viscosities of different systems studied at the outlet the absorber. 
 
 
 
 
® The value for this system was calculated from reference 15 
   
System(1)/(2) µmixabs/mPa∙s 
NH3/[N112(2OH)] [TfO] 4.3 
NH3/[N112(2OH)] [NTf2]  3.6 
NH3/[N111(2OH)] [NTf2]  3.2 
NH3/[N1113] [NTf2] 6.7 
NH3/[EtOHmim][BF4]  3.8 
NH3/[EtOHmim][NTf2]  3.2 
NH3/LiNO3® 1.9 
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5.7 Conclusions 
 
 The evaluation for the mixtures of ammonia/ILs as new working fluids in absorption 
refrigeration it was modeled the performance of the cycle, based on thermodynamic 
properties of binary systems (Vapor-liquid equilibrium, enthalpies and densities of 
binary systems), and energy and mass balances for each component in the cycle. 
This model is used to obtain the temperatures, pressures, composition of each 
stream in the cycle required to calculate the coefficient of performance and mass 
flow circulation ratio. 
 One of the system studied herein, NH3/[EtOHmim][NTf2] presented the best 
Coefficient of Performance in comparison with conventional working fluids and 
different ILs reported in the literature. 
 The mixture of NH3/[EtOHmim][BF4] was the best system based on its lowest value 
of molar flow circulation ratio when compared with conventional working fluids and 
different ILs reported in the literature. 
 The binary system NH3/[N111(2OH)][NTf2] presented the lowest viscosity at the 
outlet of the absorber. Nevertheless, it is almost two times higher than NH3/LiNO3. 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
  A. Cera-Manjarres, Doctoral Thesis, Universitat Rovira i Virgili, Tarragona (Spain) 2015. 
 
5-18 
 
5.8 References 
 
1.Zhang, X.; Hu, D., Performance simulation of the absorption chiller using water and ionic 
liquid 1-ethyl-3-methylimidazolium dimethylphosphate as the working pair. Applied 
Thermal Engineering 2011, 31, (16), 3316-3321. 
2.Zhang, X.; Hu, D., Performance analysis of the single-stage absorption heat transformer 
using a new working pair composed of ionic liquid and water. Applied Thermal Engineering 
2012, 37, (0), 129-135. 
3.Yokozeki, A.; Shiflett, M. B., Vapor-liquid equilibria of ammonia + ionic liquid mixtures. 
Applied Energy 2007, 84, (12), 1258-1273. 
4.Ruiz, E.; Ferro, V. R.; de Riva, J.; Moreno, D.; Palomar, J., Evaluation of ionic liquids as 
absorbents for ammonia absorption refrigeration cycles using COSMO-based process 
simulations. Applied Energy 2014, 123, (0), 281-291. 
5.Martín, Á.; Bermejo, M. D., Thermodynamic analysis of absorption refrigeration cycles 
using ionic liquid + supercritical CO2 pairs. The Journal of Supercritical Fluids 2010, 55, (2), 
852-859. 
6.Ayou, D. S.; Currás, M. R.; Salavera, D.; García, J.; Bruno, J. C.; Coronas, A., Performance 
analysis of absorption heat transformer cycles using ionic liquids based on imidazolium 
cation as absorbents with 2,2,2-trifluoroethanol as refrigerant. Energy Conversion and 
Management 2014, 84, (0), 512-523. 
7.Labus, J. M.; Bruno, J. C.; Coronas, A., Review on Absorption Technology with Emphasis 
on Small Capacity Absorption Machines. Thermal Science 2013, 17, (3), 739-762. 
8.ASHRAE Handbook: Fundamentals. Absorption Refrigeration Cycles. 2009. 
9.Herold, K.; Radermacher, R.; Klein, S. A., Absorption Chillers and Heat Pumps. CRC Press: 
1996. 
10.Srikhirin, P.; Aphornratana, S.; Chungpaibulpatana, S., A review of absorption 
refrigeration technologies. Renewable and Sustainable Energy Reviews 2001, 5, (4), 343-
372. 
11.Farahani, N.; Gharagheizi, F.; Mirkhani, S. A.; Tumba, K., A simple correlation for 
prediction of heat capacities of ionic liquids. Fluid Phase Equilibria 2013 
337, 73-82. 
12.Prausnitz, J. M.; Lichtenthaler, R. N.; Azevedo, E. G. d., Molecular Thermodynamicof Fluid 
Phase Equilibria. Second ed.; 1986. 
13.Dong, L.; Zheng, D.; Nie, N.; Li, Y., Performance prediction of absorption refrigeration 
cycle based on the measurements of vapor pressure and heat capacity of H2O + 
[DMIM]DMP system. Applied Energy 2012, 98, (0), 326-332. 
14.Tillner-Roth; Harms-Watzenberg; Baehr, Eine neue Fundamentalgleichung fur 
Ammoniak. In DKV-Tagungsbericht 1993; Vol. 20, pp 167-181. 
15.Libotean, S.; Martín, A.; Salavera, D.; Valles, M.; Esteve, X.; Coronas, A., Densities, 
Viscosities, and Heat Capacities of Ammonia + Lithium Nitrate and Ammonia + Lithium 
Nitrate + Water Solutions between (293.15 and 353.15) K. Journal of Chemical & 
Engineering Data 2008, 53, (10), 2383-2388. 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
Chapter 5. Performance of Single-Effect Absorption Refrigeration Systems using Ammonia/ILs Mixtures 
 
5-19 
 
16.Libotean, S.; Salavera, D.; Valles, M.; Esteve, X.; Coronas, A., Vapor-Liquid Equilibrium of 
Ammonia + Lithium Nitrate + Water and Ammonia + Lithium Nitrate Solutions from (293.15 
to 353.15) K. Journal of Chemical & Engineering Data 2007, 52, (3), 1050-1055. 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
 UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
Chapter 6 
Conclusions and Future Tasks 
6.1. Conclusions ................................................................................................................... 6-1 
6.2.  Future Tasks ................................................................................................................. 6-3 
 
  
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
  A. Cera-Manjarres, Doctoral Thesis, Universitat Rovira i Virgili, Tarragona (Spain) 2015. 
 
II 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
EXPERIMENTAL DETERMINATION AND MODELLING OF THERMOPHYSICAL PROPERTIES OF AMMONIA/IONIC LIQUID MIXTURES 
FOR ABSORPTION REGRIGERATION 
Andry Cera Manjarres 
 
 
Chapter 6. Conclusions and Future Tasks 
 
6-1 
 
Chapter 6  
Conclusions and Future Tasks 
 
 
 
6.1. Conclusions 
 
The main conclusions about this thesis are the following: 
1. A procedure established to characterize and handle ILs in order to reduce or control the 
numbers of factors that affect their thermophysical properties of ILs or in their mixtures 
with ammonia. It is necessary to highlighted that it is possible to apply this procedure to 
other setting where ILs are involved with other kind of gases. 
2. The thermal stability of ILs selected are stable at temperatures over 300°C. 
3. Two sources of impurities in ILs, either derived from their synthesis process or acquired 
during handling, have been experimentally determined, water content and halide content, 
which affect the behavior of the thermophysical properties. The identification of these 
impurities, allowed a better understanding of the results. In the case of halide content 
remaining from the synthesis of the IL, it decreases the vapor pressure of the mixture. 
However, this is preferable, since it is an indicator of a better absorption. In fact, the 
addition of salts such as LiBr and LiCl is a strategy to improve the absorption of ammonia; 
nonetheless, it is important to know beforehand exactly what kind and amount of halides 
are present in the IL. 
4. The results of these measurements have derived in a new reliable experimental database 
of the thermophysical properties of the ILs studied herein. This database is composed of 
date from thermophysical properties such as density, viscosity, thermal conductivity and 
heat capacity. Results were correlated by means of empirical correlations representing 
quite well the experimental data, given that low deviations were obtained. After 
comparing, the scarce data reported in the literature for the ILs studied herein and our 
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experimental data, it is shown that deviations and differences were result of the different 
grades of impurities of the ILs.  
5. Equilibrium data (pressure, temperature and ammonia mole phase composition) has been 
correlated quite well through an Antoine type equation for the system studied herein. In 
addition, a NRTL thermodynamic model has been used to correlate the experimental data 
from vapor-liquid equilibrium for the system studied herein, using only one parameter 
dependent of temperature in the calculation of the binary interaction parameters. The 
comparison between the fitted results and experimental values shows that the model is 
quite acceptable especially for ammonia mole composition in the mixture higher than 0.2. 
The NRTL mode estimated another thermodynamic property as excess enthalpy, which is 
required to determine the enthalpy of the solution.  
 
6. To the best of our knowledge, we obtained new experimental data reliable regarding 
density and viscosity and vapor pressure of the six binary mixtures studied herein 
composed by an IL and ammonia, usually in a temperature range of 293.15 K to 373.15 K 
and ammonia mole fraction from 0.157 to 0.97. 
7. Experimental results of the density of the ILs and their mixtures with ammonia were 
correlated quite well by means of an empirical polynomial equation as a function of 
temperature and composition. An increase of ammonia mole composition produces a 
reduction of density values of the IL and its mixtures of ammonia, when compared with the 
values for the IL. This reduction increase as temperature increases.  
8. Experimental results of the viscosity of the ILs and their mixtures with ammonia were 
correlated by means of an experimental equation as a function of temperature and 
composition. The maximum relative deviations between the values obtained using the 
correlation equation and experimental values occurred at high mole ammonia 
concentration. Viscosity values of ILs and their mixtures with ammonia produce a reduction 
of the value of this property when compared with the values for the IL. This becomes larger 
as temperature increases. This property of great importance in the absorption process, 
because it reduces the mass and heat transfers in the absorption process. Therofore, the 
viscosity of the mixture at the outlet of absorber was calculated for each binary system 
studied herein. It was found that when the IL NH3/[N111(2OH)]][NTf2] was used as 
absorbent, the system obtained the lowest viscosity value. Nevertheless, it is two order the 
magnitude higher than NH3/LiNO3. 
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9. It was modeled the performance of the absorption refrigeration cycle based on the energy 
and mass balances at each component and current assumptions for the different mixtures. 
To accomplish this, we used the correlations and modeling of the thermophysical data 
determined experimentally for the system studied herein, with some assumptions to 
determine: temperature, pressure and compositions at each stream in the cycle. This 
information, in combination with the enthalpies of the mixtures, are used to calculate the 
cycle performance and mass flow circulation ratio. 
10. Results obtained from the thermodynamic analysis shown that [EtOHmim][BF4] 
Imidazolium-based ILs can be suitable candidate as new absorbent, based on the fact that 
its mass flow circulation ratio is the lowest.    
11. In general, the thermophysical properties of the ILs and their mixtures with ammonia are 
enhanced when a hydroxyl group is present in the structure of the cation of the IL, since it 
leads to an interaction by hydrogen bonding between them.  
12. The parameters required for the selected working pair must be well understood in order 
to elucidate the key points in the selection of a suitable ILs for this application. For this 
sake, it is recommended to promote the collaboration of specialized research group in 
different areas (thermodynamic, chemistry, modeling simulation, among others), since it 
is more plausible that a multidisciplinary team can arrive to answers for this task.  
6.2.  Future Tasks 
 
From the results obtained in this thesis, the following tasks can be considered for further 
development: 
1. Experimental determination of the heat capacity of NH3/ILs mixtures proposed herein 
using the new cells with small volume that works over high pressure, which were designed 
and built during development of this thesis and to recalculate the performance of the cycle. 
2. Since the selection of the optimum IL is not evident, it is recommended to use 
computational tools, which allows to do a preliminary screening to get clues regarding the 
suitable options thus reducing the numbers of experiments and the cost. 
3. Implementation of the thermodynamic simulation by varying operation conditions of the 
cycle, which could improve the performance of the working pairs studied. 
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